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ABSTRACT  
   
Thiol functionalization is one potentially useful way to tailor physical and 
chemical properties of graphene oxides (GOs) and reduced graphene oxides (RGOs).  
Despite the ubiquitous presence of thiol functional groups in diverse chemical 
systems, efficient thiol functionalization has been challenging for GOs and RGOs, or 
for carbonaceous materials in general.  In this work, thionation of GOs has been 
achieved in high yield through two new methods that also allow concomitant 
chemical reduction/thermal reduction of GOs; a solid-gas metathetical reaction 
method with boron sulfides (BxSy) gases and a solvothermal reaction method 
employing phosphorus decasulfide (P4S10).  The thionation products, called 
“mercapto reduced graphene oxides (m-RGOs)”, were characterized by employing X-
ray photoelectron spectroscopy, powder X-ray diffraction, UV-Vis spectroscopy, FT-IR 
spectroscopy, Raman spectroscopy, electron probe analysis, scanning electron 
microscopy, (scanning) transmission electron microscopy, nano secondary ion mass 
spectrometry, Ellman assay and atomic force microscopy. 
The excellent dispersibility of m-RGOs in various solvents including alcohols 
has allowed fabrication of thin films of m-RGOs.  Deposition of m-RGOs on gold 
substrates was achieved through solution deposition and the m-RGOs were 
homogeneously distributed on gold surface shown by atomic force microscopy.  
Langmuir-Blodgett (LB) films of m-RGOs were obtained by transferring their 
Langmuir films, formed by simple drop casting of m-RGOs dispersion on water 
surface, onto various substrates including gold, glass and indium tin oxide.  The m-
RGO LB films showed low sheet resistances down to about 500 kΩ/sq at 92% optical 
transparency.  The successful results make m-RGOs promising for applications in 
transparent conductive coatings, biosensing, etc. 
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CHAPTER 1 
INTRODUCTION 
1.1 Graphene 
Graphene is a one-atom-thick planar sheet of sp2-hybridized carbon atoms 
arranged into a two-dimensional (2D) hexagonal honeycomb network, and is a basic 
building block for other important carbon allotropes, as depicted in Figure 1.1  
Theoretical properties of graphene and/or graphite have been investigated for more 
than a half century2 and are used to describe various properties of carbon-based 
materials and their composites.  Graphene has been described as an academic 
material3 and was once believed not to exist in a free state because 2D crystals were 
thought to be thermodynamically unstable at finite temperatures.4  However, in 
2004, graphene was successfully isolated for the first time through the scotch tape 
method of highly ordered pyrolytic graphite (HOPG).5  This fascinated the scientific 
community, who began to study the free-standing graphene.  The isolated graphene 
was found to be stable under ambient conditions, exhibiting high quality and 
continuity on a microscopic scale, which led an explosion of interest.   
The extended sp2-hybridized carbon network exhibits exceptional electronic,6 
mechanical,7 and thermal properties.8  These have been the focus of theoretical 
studies and have fascinated experimentalists, because the graphene was isolated.  
Graphene is found to have many interesting properties.  Many studies have provided 
observations of unique properties, including graphene’s remarkably high electron 
mobility at room temperature with experimentally reported values in 15,000 ~ 
20,000 cm2V-1s-1,5 the Quantum Hall Effect (QHE) for both electrons and holes even 
at room temperature,9 single-molecule detection,10 an excellent thermal conductivity 
(~ 5000 W/mK),8 and high mechanical stiffest (Young’s modulus of ~ 1 TPa),11 large 
specific surface area (~ 2,600 m2/g),12 and optical transparency (~ 98%).13   
  2 
Figure 1.  Graphene: building block for all other carbon allotropes.  It can be 
wrapped up into (a) 0D buckyballs, rolled into (b) 1D carbon nano-tube, and stacked 
to form (c) 3D graphite, adopted from Geim.1 
Thanks to the extraordinary properties aforementioned, it is no wonder that 
graphene has been considered a more promising material than other nanostructured 
carbon allotropes, i.e. 0D fullerenes and 1D carbon nanotubes, for a variety of 
applications such as field-effect transistors,14 capacitors,15 energy storage,16 
sensors,17 transparent conductive films,18 and heavy metals removal.19  Moreover, 
graphene-based composite materials show high electrical conductivity and thus could 
be promising candidates for sensors20 as well as Li-ion batteries.21  Graphene-based 
sensors show promising responses because of the dependency of the electrical 
conductivity of graphene on the concentration of various gaseous species.  Once 
graphene is biofunctionalized with biomolecules, the graphene-based nanostructures 
may open a gateway to new application fields in biotechnology.22  Recently, 
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graphene has been used as a promising component in the development of Förster 
resonance energy transfer (FRET) biosensors due to its quenching capability toward 
various organic dyes and quantum dots, as well as its fast DNA sequencing.23  
Graphene can be used as a transparent and flexible electrode in photovoltaic cells,24 
touch-screens,25 liquid crystal displays (LCDs), and organic light emitting diodes 
(OLEDs) because of its high electrical conductivity and high optical transparency.1, 26  
Graphene has also been envisioned as a potential candidate to replace indium tin 
oxide (ITO) because of its high strength, flexibility and stretchability.   
 
1.2 Structure of Graphene 
In order to better understand the properties of graphene, it is imperative to 
understand its structure.  Graphene consists of a layer of sp2 carbon hexagonal 
network.  Up to 10 of layers graphene have been treated in 2 dimensional sheets 
based on electronic structure.  The electronic structure of more than 10 layers of 
graphene approaches the 3 dimensional limit of graphite.1  Graphene thicker than 10 
layers should be considered a thin film of graphite.  In a bi-layer or a few layers of 
graphene, each layer can be stacked in different ways, generating hexagonal (AA), 
Bernal (ABA), or rhombohedral (ABC) stacking as shown in Figure 2(a).  Each six-
membered ring repeating unit of graphene sheet consists of three in-plane σ-bonds 
and π-orbitals perpendicular to the plane, contributing to a delocalized network of 
electrons as depicted in Figure 2(b).  The s, px, and py, atomic orbitals on each 
carbon hybridize to form strong covalent sp2 bonds, giving rise to 120° C‒C‒C angles 
that generate the framework of the hexagonal structure (σ-bonds).  The remaining 
pz atomic orbital on each carbon overlaps with adjacent carbon to form π-orbitals 
that control interaction between inter-layers (π-bonds).   
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Figure 2.  (a) Three most common structures and stacking sequence of graphene 
and (b) Schematic of the in-plane σ-bonds and π-orbitals perpendicular to plane of 
the graphene sheet, adopted from Hass.27 
1.3 Various Synthetic Methods of Graphene 
To date, various pathways have been developed to obtain graphene.  Among 
many methods, they can be categorized in two ways: 1) top-bottom approaches and 
2) bottom-top process.  Each method has its drawbacks.  For top-bottom 
approaches, the mechanical exfoliation method produces the highest quality 
graphene, but it is neither high throughput nor high product yield.  An alternative to 
mechanical exfoliation is a chemical effort to exfoliate and stabilize the graphene 
sheet in solution.28  To date, complete exfoliation of graphene in solution requires 
extensive modification of the 2D lattice, which may not be desirable for many 
application fields.29  Bottom-top techniques include chemical vapor deposition, 
epitaxial graphene, and organic syntheses; these techniques have yet to produce a 
large-quantity of graphene and a uniform single layer.   
 
1.3.1 Mechanical Exfoliation of Graphite 
The mechanical exfoliation undertaken in 2004 revealed that carbon exfoliates 
in the form of graphitic layers on transition metal substrates.  Several research 
groups tried to exfoliate HOPG to produce single sheets on SiO2 substrate by using 
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an atomic force microscope (AFM)30 but they couldn’t achieve a single graphitic 
layer.  While these elegant methods produced more than 10 layers of graphene 
sheet, a much simpler method, the scotch tape method, successfully isolated mono-
layer graphene from HOPG in 2004.5  Moreover, the electronic properties of 
graphene were reported for the first time in 2004.5  The first mechanically isolated 
mono/few layers graphene from HOPG were transferred on SiO2/Si substrate that 
allowed them to fabricate graphene transistor devices.  Since then, the mechanical 
cleavage method has attracted attention as a reliable method for obtaining 
monolayer graphene flakes on foreign substrates.  Mechanical exfoliation involves 
isolating graphene flakes from an HOPG block or graphite flakes by repeated peeling 
using different techniques such as scotch tape, ultrasonication and transfer printing.  
The approach was also used to produce 2D atomic crystals of many other materials 
such as BN, MoS2, etc.  This is the cheapest technique that has been used so far to 
produce the highest quality monolayer graphene sheets.  This method, however, is 
low throughput; the product yield of single or few layer graphene obtained by this 
technique is also very poor, and the locations of graphene sheets are randomly 
distributed on the substrate.  Thus mechanical exfoliation is so far well suited only 
for the fundamental study of graphene and is not scalable to industrial production. 
 
1.3.2 Reduced Graphene Oxide (RGO) 
To date, there is no method that can produce as much high quality graphene 
as can be generated by the mechanical exfoliation method.  However, it is not 
suitable for large production, as mentioned above.  Therefore there is a great 
interest in large-scale production of graphene suitable for many applications.  Among 
the various synthetic methods for the mass production of graphene, reduction of 
graphene oxide, including both chemical and thermal reduction, is the current most 
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obvious and desirable route to produce large quantities of graphene-like materials.  
Moreover, the reduction process is the most important reaction of graphene oxide 
because of the similarity between reduced graphene oxide and pristine graphene.  All 
of these methods produce products that are particularly similar to pristine graphene 
in terms of their electrical, thermal, mechanical properties as well as their surface 
morphology.   
The various polar oxygen functional groups formed during oxidation of graphite 
flakes render graphite oxide (GO) hydrophilic and weaken the Van der Waals 
interactions.  Thus GO can be easily exfoliated in several solvents, including water, 
by sonication.31  In this method, completely exfoliated sheets are readily obtained 
from dispersions of graphene oxide prepared by sonication of GO dispersed in 
water.31a  In general, GO has been synthesized by modified Brodie,32 
Staudenmaier,33 or Hummers methods.34  All these methods involve oxidation of 
graphite in the presence of strong oxidants.  The methods of Brodie and 
Staudenmaier employ a combination of potassium chlorate (KClO3) with nitric acid 
(HNO3) to oxidize graphite flakes, while the Hummers method utilizes a combination 
of potassium permanganate (KMnO4) and sulfuric acid (H2SO4) to oxidize graphite 
flakes.  The Brodie method is not particularly efficient, and thus these days either the 
Staudenmaier or Hummers methods are used to oxidize graphite flakes.  GO is 
highly hydrophilic due to the existence of various oxygen functional groups such as 
hydroxyl, epoxy, carbonyl, and carboxyl functional groups on the basal plane and at 
the edge of each graphitic layer during oxidation.  Thus, GO is easily exfoliated in 
polar solvents, particularly well in water by sonication or mechanical stirring because 
the Van der Waals interaction between the inter-sheet gallery becomes weak due to 
intercalated water molecules35 that generate a higher inter-layer distance (~ 9 A) 
than that of graphite (3.4 A).   
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After that, the colloidal dispersion of graphene oxide can be reduced to 
prepare reduced graphene oxide using several reducing agents such as hydrazine,28c 
hydroquinone,36 sodium borohydride,37 ascorbic acid,38 and so forth.  While many 
strong reducing agents have a slight to very strong reactivity with water, hydrazine 
or hydrazine hydrate do not.  Therefore, among various reducing agents, hydrazine 
or hydrazine hydrate was one of the first reducing reagents to be used to reduce 
graphene oxide.  However, because hydrazine or hydrazine hydrate is highly 
poisonous and explosive, precautions must be considered when a large amount of 
hydrazine is used.  Many researchers have tried to look for safer and greener 
reducing agents with similar or more effective reduction of graphene oxide.  The use 
of multiple reducing agents was also demonstrated to further reduce the graphene 
oxide, but this approach turns out to be limited given the effectiveness of hydrazine 
and NaBH4 on their own. 
The chemical reduction method is obviously the most common method to 
reduce graphene oxide but this does not mean that chemical reduction is the only 
way for the reduction of graphene oxide.  Reduction of graphene oxide using thermal 
treatment in reducing atmosphere has also been considered as an efficient and low 
cost method.  Thermal exfoliation and reduction of graphene oxide was 
demonstrated.39  Rather than removing oxygen functional groups from the surface of 
GO through chemical reactions, it is possible to produce thermodynamically more 
stable carbon oxide species by introducing GO in a pre-heated furnace at 1050 °C.39a  
The generated carbon dioxide produces enormous pressure within the inter-layer 
gallery and the vast pressure can exfoliate GO.  In order to exfoliate two stacked 
graphene oxide sheets, only 2.5 MPa is required.  According to the previous report, a 
pressure of 40 MPa is generated at 300 °C, whereas a pressure of 130 MPa is 
produced at 1000 °C.39a  During thermal exfoliation and reduction, structural damage 
  8 
occurs via the release of carbon dioxide,40 making approximately 30% of weight loss 
of GO.39b   
Reduced graphene oxide has been shown to have promising potential in 
various applications such as transparent conductive electrodes,18b graphene-based 
polymer composites,41 sensors,42 capacitors,43 and so on.  However, these chemically 
and thermally reduced graphene sheets still contain oxygen function groups and 
other impurities due to the lack of complete reduction of graphene oxide, which may 
limit their application in many other areas of nano-electronics.   
 
1.3.3. Epitaxial Graphene 
The definition of epitaxy is a process of growing a crystal of a particular 
orientation on top of another crystal.  If both crystals are of the same materials it 
will be called a homoepitaxy.  And if the materials are different from each other, it 
will be called heteroepitaxy.  In this particular process, graphene is directly grown on 
an epitaxially matched insulating or semiconducting substrate by chemical deposition 
technique.  Graphene produced in this pathway is referred as an epitaxial graphene.  
Approximately 40 years ago, graphene formation was for the first time 
experimentally determined and investigations were carried out on the 
thermodynamics of growth of graphitic monolayer by near equilibrium segregation on 
a single crystalline Ni (111) surface.44  However, the properties of those films on 
different metal surfaces produced through this process were not consistent with 
graphitic thin films on Ni surface.  Moreover, the limitation of finally identifying the 
proper application of those films and thus this process was not studied extensively.   
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A more recently, implemented technique to produce graphene has employed 
SiC substrate to grow large area epitaxial graphene.  The growth of epitaxial 
graphene is highly dependent on SiC orientation and hence it is important to 
understand the structure of SiC.  Mostly, epitaxial graphene has been grown on 
hexagonal SiC substrates; therefore only hexagonal SiC structure will be considered.  
The two hexagonal SiC substrates which have commonly been used to grow epitaxial 
graphene are 4H- and 6H-SiC.  The unit cell of each SiC is shown in Figure 3.27  In 
both cases, unit cells consist of Si‒C bilayers with different stacking arrangements.  
In case of the unit cell for 4H-SiC, the stacking is ABCB····· and for the unit cell of 
6H-SiC, it is ABCACB·····.  An nH-SiC unit cell is made of nSi‒C bilayer.  The unit cell 
of SiC has two polar faces perpendicular to c-axis.  The Si terminated face (Si face) 
has one Si dangling bond per Si atom and C terminated face (C face) has one C 
dangling bond per C atom.  The growth of epitaxial graphene and its structure on 
two different faces are very different from each other. 
Figure 3.  The unit cell structure of 4H- and 6H-SiC.  Filled circles and open circles 
represent carbon and silicon, respectively.  Lattice parameters of aSiC and cSiC for 4H-
SiC are 3.0805 Å  and 10.0848 Å  and lattice parameters of aSiC and cSiC for 6H-SiC are 
3.0813 Å  and 15.1198 Å , adopted from Hass.27, 45 
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Due to the relationship between the grown epitaxial graphene and SiC lattice 
constants, there are various possible orientations of the epitaxial graphene lattice 
constants that lead to commensurate structures with SiC substrate.  In this process, 
epitaxial graphene formation is initiated by the sublimation of sufficient Si atoms to 
leave behind the formation carbon-segregated surface containing mobile carbon 
atoms, during the heating either the C-face or Si-face surfaces in the range from 
1000 °C to 1300 °C in ultra-high vacuum (UHV) or atmosphere pressure.6a, 46  
Rearrangement of those carbon atoms on the SiC surface at that high temperature 
forms layer of the large area epitaxial graphene film with a mobility of 2000 cm2V-1s-
1.47  The low energy electron diffraction (LEED) pattern of the top-layer on the 
substrate is consistent with the surface of the graphite structure.48  Additionally, the 
Auger peak of the over-layer on the substrate changed from the carbide character to 
a graphite character.48b  The epitaxial graphene formation is specific to the different 
polar surfaces such as C-face and Si-face.48a, 49  The graphene film grows much 
slower on Si-face than that on C-face49c and the graphene film grown on Si-face is 
epitaxial with an orientational phase with rotated 30° relative to the SiC surface, 
whereas graphene film grown on C-face can have multiple orientational phases.48b, 50  
Due to the multiple orientation of epitaxial graphene grown on C-face, the structural, 
growth, and electronic studies have mainly focused on epitaxial graphene grown on 
Si-face.  Furthermore, this method allows the transferring a large area graphene film 
onto any arbitrary substrate by etching the underneath metals.  This method is 
envisioned as a promising strategy for high quality and large area graphene growth.  
Graphene grown on dielectric surfaces directly via this particular process is another 
technological interest that would be beneficial for field-effect transistors (FET) or 
related devices in nanoelectronics. 
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1.3.4 Chemical Vapor Deposition (CVD) of Graphene 
Based on the aforementioned explanation, graphene can be grown on metal 
surfaces by carbon segregation on the surface or rearrangement of carbon atoms on 
SiC substrate after sublimation of Si.  In contrast to epitaxial graphene produced by 
thermal decomposition of SiC, where carbon precursor is already present in the 
substrate, for CVD, carbon precursor is fed in gas form and metal is used as a 
catalyst as well as a substrate to grow graphene.  This technique has been 
considered as a promising and readily accessible approach for reasonably high 
quality and large area graphene production on transition metal substrates because of 
the availability of large metallic substrate in the form of thin films or foils.  These 
metallic films/foils, however, are polycrystalline in nature and thus the individual 
grains are oriented in different directions forming grain boundaries.  Thus, carbon 
segregation takes place relatively higher in grain boundaries as they are 
thermodynamically in higher energy state on polycrystalline material, and hence 
grain boundaries are the regions where graphene produced in higher thickness.  Due 
to the nature of the substrate, graphene can grow on various crystallographic 
surfaces as opposed to epitaxial graphene grown on hexagonal metallic surface.  
CVD growth of graphene has been performed on various metallic substrates, but 
mostly practiced ones are Ni51 and Cu.52   
In a typical few layer graphene growth process, the substrate is first annealed 
with flowing Ar/H2 gas around 1000 °C under low or atmospheric pressure in a 
furnace.  The individual grains of the substrate grow bigger during annealing that 
eventually decreases the density of defects (wrinkle, folds, etc.) in the resulting 
graphene film.  After annealing for a certain period of time, subsequently, both 
hydrocarbon molecules as a carbon precursor and H2 gas as a carrier gas are 
supplied to deposit carbon on the transition metal substrates.  Both hydrocarbon 
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molecules and H2 gas flow are switched off once the growth of the graphene is done, 
and then the substrate cools down for carbon segregation on the surface to grow 
graphene film.  Generally, the number of graphene layer grown through CVD 
technology can be determined several parameters such as active gas flowing rate, 
temperature, growth time, and substrate.52-53  The thickness of graphene with the 
same growth time (20 minutes) on Ni substrate is affected by the cooling rate, with 
few layers graphene (3~4 graphene layers) being produced with a cooling rate of 10 
°C/s.  Faster cooling rate (20 °C/s) generates thicker graphene films due to a lack of 
time to diffuse carbon atoms to bulk, whereas slower cooling rate (0.1 °C/s) 
prevents carbon segregated from the Ni surface.54  Finally, the substrate is etched 
away in aqueous FeCl3 solution to allow graphene floating on the surface of etching 
solution.  After subsequent cleaning, the graphene film is then transferred to the 
desired substrate. 
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CHAPTER 2 
CHARACTERIZATION TECHNIQUES AND EXPERIMENTAL METHODS 
2.1 X-ray Photoelectron Spectroscopy (XPS) 
A solid or liquid surface could be defined in several different ways.  The more 
precise definition is that a surface can be further specified the outer or topmost 
boundary of a matter.  However, when getting down to the scope of the atomic level 
the term “boundary” loses its definition since the orbitals of bound electrons are 
highly diffused through three-dimensionally.  The definition of the surface could be 
addressed that a surface is the region that dictates how the solid or liquid interacts 
with its neighbors.  According to this particular definition, a surface can extent as 
little as one atomic layer (0.1-0.3 nm) to a couple of hundreds atomic layers (100 
nm or more) depending on the material, its environment, and the physical or 
chemical property of interest.  Applying the concept of this surface dimension for 
perspective, consider a strand of human hair.  The diameter of the human hair can 
be in the range between 50 and 100 μm.  If atoms composing the outer surface are 
as large as 0.2 nm in diameter, this cannot be viewed even under the most 
specialized optical microscope (typical magnification is up to ~300X) because the 
spatial resolution is diffraction limited to slightly less than 1 μm.  In order to see it, 
very high magnification around 30,000,000X is required and very limited number of 
techniques can reach the magnification. One of the most common microscope tools is 
transmission electron microscopy (TEM).  These concepts are represented in Figure 
4.55   
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Figure 4.  Illustration of the cross section of a strand of human hair at the various 
magnifications listed, adopted from Paul.55   
XPS is one of the most powerful techniques and heavily used for chemical 
analysis of inorganic and organic surfaces and their interfaces (within the first 10 
nm).  The attraction of XPS stems from its ability to 1) identify and quantify the 
elemental composition of the surface around 10 nm in depth of any solid with all 
elements from Li to U detectable if elements exist higher than 0.05 atomic %, 2) 
know the chemical environment of elements exist, and 3) relative ease and minimal 
sample preparation.  XPS is a study of the energy distribution of the photoelectrons 
from a surface of the X-ray irradiated compounds.   
The kinetic energy of the photoelectrons from the surface of materials is 
measured by an electrostatic energy analyzer.  XPS can study all electrons from core 
to valence levels.  With knowledge of the X-ray excitation energy, the binding energy 
of the orbital from which an electron came can be evaluated using Einstein’s 
equation for photoionization.56  Siegbahn et al. discovered that the binding energies 
of the atomic levels could be shifted and distinguish the difference of the same 
elements in different chemical valence states.  Therefore, the binding energies 
comprise information of the chemical state and the chemical environment of the 
elements.57  As a result of the extensive study of the shift and the behaviors of the 
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binding energies, XPS has developed into a research tool of wide applications in 
chemistry and solid-state physics.58   
 A convenient source of characteristic X-rays is typically generated by electron 
bombardment of Mg or Al target that produces either MgKα; or AlKα.  Aluminum and 
magnesium have narrow characteristic lines and MgKα or AlKα has the advantage 
that it can be readily monochromated.59  When a material is irradiated by incident X-
rays photoelectrons are emitted from the surface of the material.  The emitted 
photoelectrons from the material are then focused (often with some retardation) into 
an energy analyzer that is generally of the electrostatic hemispherical type to obtain 
desired photoelectrons.  After energy analysis, the electrons are detected by an 
electron multiplier array and recorded by a suitable electronics/data system.  The X-
ray source, specimen, lens, spectrometer and detector are all housed in an ultra-high 
vacuum environment in order to minimize contamination of the surface of the 
sample.  The schematic illustration of basic components in XPS is shown in Figure 5. 
Figure 5.  Schematic illustration of the basic apparatus in XPS, adopted from Paul.55   
The basic processes of photoelectron spectroscopy are the followings: 1) the 
absorption of a quantum of energy, ħν, 2) ejection of an electron, and 3) 
measurement of the kinetic energy of the photoelectron ejected from the target 
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atom.  In this process, incident photon energies transfer their entire energies to 
electrons in core level, and the element identification is provided by the 
measurement of the kinetic energy of the photoelectrons that escape from the 
material without energy loss.  The schematic illustration of the photoelectron process 
from oxygen present within a silicon wafer is depicted in Figure 6.   
Figure 6.  Schematic illustration of photoelectron process, adopted from Paul.55   
During photoelectron process, X-ray-induced Auger emission also takes place 
because both photoelectrons and auger electrons are observed in XPS spectra.  Even 
if X-rays can penetrate micrometers below the surface of materials, detectable 
photoelectrons produced by incident X-rays are typically around 10 nm in depth.  If 
photoelectrons lose their energy, the signal will disappear within the spectral 
background.  This happens for all photoelectrons produced by atoms or ions situated 
at some depth deeper than around 10 nm below the surface.  Therefore, the discrete 
signals shown in the XPS spectrum are mainly from only the surface region.  The 
presence of adsorbed layers on the surface could act to quench, to some extent, all 
signals from the underlying adsorbed layers.  The general schematic photoelectron 
emission process is depicted in Figure 7. 
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Figure 7.  Pictorial illustration of the photoelectron emission process from a solid 
material and an adsorbates layer, adopted from Paul.55   
XPS technique can be very useful in studying the functionalization of 
carbonaceous materials.  XPS has been widely used to determine not only 
composition of materials but also functional groups covalently bonded to the 
materials.  To date, XPS has been used for elemental analysis of graphite oxide 
(GO), reduced graphite oxide (RGO), and chemical functionalized activated carbon.60  
The High-resolution C1s XPS spectrum of GO and oxidized activated carbon shows 
larger full-width at half maximum (FWHM) peaks and new peaks in higher binding 
energies that were not seen with graphite and activated carbon.61  These results 
indicate that the environment of the carbon atoms significantly changed and this is a 
strong evidence of oxygen functional groups incorporated into the carbon matrix.  
Nitrogen doped reduced graphene oxide is also studied by XPS and high-resolution 
C1s XPS spectrum showed a big difference between N-doped RGOs and undoped 
ones as well as XPS spectrum of N-doped RGOs shows new peaks around 400 eV 
that is assigned to C-N bonding.62   
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2.2 Raman Spectroscopy 
Raman spectroscopy, named after C. V. Raman,63 is one of the most 
important and powerful tools in studying the structure and properties of carbon 
products.  The Raman spectroscopy measurement does not require any sample 
preparation, and the studied sample can be analyzed in a fast and non-destructive 
manner.  This technique is based on the measurement of inelastic scattering of light 
that is the scattering of light in which the energy of the photon changes, and 
consequently corresponds to shifts from the frequency of the incident light.  By 
exposing a sample to a monochromatic beam of light, electrons are excited from the 
ground state to the virtual state by absorbing photons.  These electrons will scatter 
by either emitting or absorbing phonons, and finally relax to the ground state by 
emitting photons.  Most of the light is elastic scattering (i.e. Rayleigh scattering) 
while only a minority is inelastic (i.e. Stokes or anti-Stokes) scattering, so called 
Raman scattering.   
Raman spectroscopy is the most useful technique for all forms of carbon 
including graphite derivatives such as graphite oxide or reduced graphite oxide, 
fullerene, carbon nanotubes, amorphous carbon, polycrystalline carbon, diamond, 
etc.64  Different forms of carbons have different position, width, and relative intensity 
of bands.  With only considering the position of G band (~ 1580 cm-1) and the ID/IG 
intensity ratios, the Raman spectra of all kind of carbon materials could be described 
within three-stage model of increasing disorder shown in Figure 8.65  The G band 
position and ID/IG ratios could be affected by a degree of amorphization of carbon 
materials and the sp2 domain size as well.   
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Figure 8.  Three-stage model of the variation of the Raman G band and ID/IG ratios 
with increasing disorder, adopted from Ferrari.65 
Several important bands from various carbonaceous materials that can be 
found in a Raman spectrum are described below: 1) a low-frequency peak < 200 cm-
1 assigned to A1g radial breathing mode (RBM) which is a characteristic of the single-
wall carbon nanotube, 2) a higher frequency feature around 1340 cm-1 assigned to 
residual ill-organized graphite, the so-called D band, 3) a high frequency peak 
around 1580 cm-1 called G band which is a characteristic of all graphitic materials, 
corresponding to the doubly degenerated zone center E2g stretching mode of 
graphite,66 and 4) a second order scattering between 2450 and 2600 cm-1 assigned 
to the first overtone of the D band and historically called Gʹ band.67  The D band 
around 1340 cm-1 is a breathing mode of A1g symmetry involving phonons near the K 
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zone boundary shown in Figure 9.  This mode is forbidden in perfect graphite and 
only becomes active in the presence of disorder.  Additionally, the G band of graphite 
around 1580 cm-1 has E2g symmetry and its eigenvector shown in Figure 9.  Using 
Raman spectroscopy, it is possible to study not only atomic structure and electronic 
properties but also a degree of lattice deficiency of carbonaceous materials.   
Figure 9.  Carbon motions in the E2g mode (left) and A1g mode (right), adopted from 
Ferrari.65 
 
2.3 Powder X-ray Diffraction (PXRD) 
In fact, X-rays had been generated before Wilhelm Conard Röntgen who was 
awarded a Nobel Prize discovered.  In the 1880s, experiments with cathode ray 
tubes had been popular and X-rays were generated by those experiments.68  
Röntgen used a gas filled cathode ray tube to study fluorescence produced when 
cathode rays struck the glass wall of the tube.  He noticed a glow on a plate covered 
with barium platinocyanide some distance away in the darkened room.  He 
speculated that the invisible radiation was passing through air from the tube to the 
screen.  He called the radiation as X-ray.69  Many scientists tried to understand the 
nature of X-rays and many attempts carried out but it was very difficult to do 
experiments due to handing with very short wavelength.70  In 1912, the experiment 
performed by Max von Laue confirmed that X-rays show wave character by 
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diffraction experiments from single crystal.71  After discovery of X-rays, X-ray 
radiography, X-ray crystallography, and X-ray spectrometry have developed from 
the use of this radiation.72  First, X-ray has been used to photograph foreign bodies 
such as bullets, and coins inside the body.  The biological effects of X-rays were not 
appreciated at first.  After many scientists studied the risks of X-ray nowadays X-ray 
has been used accordingly.  Second, following the discovery of X-rays, X-rays 
encouraged scientists to study crystalline structure in atomic level using X-ray 
diffraction.  Third and last, X-ray spectrometry is one of the fundamental roots but 
this has developed into a routine technique in the last 20 or 30 years.72   
These days, X-ray diffraction is one of the most powerful and important 
characterization techniques used in solid state chemistry and materials science.  
Especially, the powder X-ray diffraction (PXRD) method is of special importance 
because this method is the only technique that is readily applicable to all crystalline 
materials.  Moreover, PXRD is the most convenient method for obtaining diffraction 
data from crystalline materials.  Diffraction data depending on lattice parameters of 
substances are unique for each crystalline material.  Therefore, crystalline materials 
can be identified by X-ray powder pattern that may be used as a "fingerprint".  Once 
the material has been identified, X-ray crystallography may be used to determine its 
structure, i.e. how the atoms pack together in the crystalline state, and what the 
interatomic distance and angle are, and so on.  PXRD technique can be the easiest 
and fastest way to identify materials.  In this method, samples are polycrystalline 
form and thus crystallites are randomly orientated with respect to given directions 
and thus all possible lattice planes are shown in PXRD pattern.73  After taking PXRD 
pattern the interplanar spacing d can be calculated using Bragg’s law because the 
characteristic X-ray (normally CuKα) is used.  Bragg’s law is shown in Equation 1. 
2d(hkl) sinθ = nλ  Equation 1 
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where d(hkl) is the interplanar spacing between atomic lattice, θ is an angle between 
the incident X-rays and scattering planes, n is integer order of reflection, and λ is 
wavelength of incident X-ray.   
X-ray diffraction analysis is an important method for studying a degree of 
crystallinity in carbon materials.74  Various carbon materials show a different degree 
of crystallinity from amorphous carbon such carbonaceous materials pyrolyzed 
organic materials at low temperature to well crystalline carbon such graphite.  The 
fraction of amorphous carbon (χA), aromaticity (fa), interlayer spacing of crystalline 
structure (d002), and crystallite sizes (La and Lc) have been established as structural 
parameters for evaluating the carbon stacking structure.75  Highly crystalline carbon 
material like graphite shows several sharp and intense Bragg’s peaks but turbostratic 
carbon or amorphous carbon shows very different XRD patterns.  By comparing full-
width at half maximum (FWHM) and intensity of (002) Bragg’s peak, it would be 
easily to distinguish between well crystalline carbon materials and poor crystalline 
carbon materials.   
 
2.4 Electron Microscopy 
Electron microscopy is a very useful technique for analysis of morphological 
features of samples using a beam of highly energetic electrons to examine objects on 
a very fine scale.  This technique can provide different types of information such as 
the topography, morphology, composition, and crystallographic information.  
Electron microscopes were developed to overcome the resolution limitation of optical 
microscopes.  The resolution of optical microscopes is proportional to light 
wavelength and thus the optical microscopes can only magnify as much as 500x or 
1000x magnification and a spatial resolution of 0.2 um according to Equation 2.  
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The spatial resolution of electron microscope, however, is in the range from 2 to 5 
Å .76 
d = 0.61λ/N.A   Equation 2 
where, d is minimum distance between resolved points, λ is wavelength of light, N.A 
is the numerical aperture. 
In the early 1930s, this theoretical limit had been reached and scientists 
wanted to see the fine details of the morphology of organic cells.  This required 
higher than 10,000x magnification that was not possible with optical microscope.  
The transmission electron microscope (TEM) was the first type of electron 
microscope to be developed and basic principle is exactly the same as the light 
transmission microscope except that a focused beam of electrons is used instead of 
light to see through the samples.  It was developed by Max Knoll and Ernst Ruska in 
Germany in 1931.77 
The first scanning electron microscope (SEM) was developed in 1942 and it 
was the first commercial instruments around 1965.  Its late development was mainly 
due to the electronics involved in “scanning” the beam of electrons across the 
sample.78  Electron microscopes perform exactly the same as their optical 
counterparts except that they use a focused beam of electrons instead of light to 
“image” the specimen.  The basic steps of both TEM and SEM are the following: 1) a 
stream of electrons is formed and accelerated in high vacuum, 2) these accelerated 
electrons impinge on the specimen, 3) the accelerated electrons pass through metal 
apertures and magnetic lenses into a thin, focused, monochromatic beam, and 4) the 
sample is irradiated by the accelerated electrons and interactions occur inside the 
irradiated sample.  These interactions are detected and transformed into an image.76, 
78  It must be noted that TEM and SEM measure different type of signal and provide 
images in a different way.  For TEM, an image is produced by transmitted electrons 
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and thus very thin sample preparation is required.  For SEM, the accelerated 
electrons impinging on the sample can generate secondary electrons from the 
sample and the secondary electrons are collected to provide images.   
 
2.5 Thionation 
Thionation means that an oxygen atom in the compound is replaced by sulfur 
atom.  Thionation of various organic molecules has been widely studied because 
organosulfur compounds are valued not only for their rich and varied chemistry, but 
also for many important biological properties.79  Thionation has been mainly 
performed through thionating agent, and phosphorous decasulfide (P4S10, also called 
P2S5) is the oldest and the most important agent among various thionating ones.
80  
Synthesis of P4S10 was reported for the first time by J. Berzelius in 1843; since then 
P4S10 is also called Berzelius reagent.  Another widely used thionating reagent is 
Lawesson’s reagent (LR) because of excellent product yields.  However, aside from 
its high cost, LR has huge disadvantage that by-products produced from the reagent 
cannot be removed through general purification procedure.  In order to remove the 
by-products, chromatography on silica gel must be used.  The molecular structures 
of phosphorous decasulfide and Lawesson’s reagent are represented in Figure 10.   
Figure 10.  Molecular structures of P4S10 (left) and Lawesson’s reagent (right).   
  25 
Due to the aforementioned issue, P4S10 has been applied for syntheses of a 
wide range of purposes, mainly as a thionating agent of organic and inorganic 
compounds.  Various experiments have been carried out by utilizing P4S10 as a 
thionating agent, and the results indicate that P4S10 can convert almost all kinds of 
oxygen functional groups into organic molecules.81   
 
2.6 Solvothermal Reaction 
To synthesize nano-sized inorganic materials with high crystallinity, solution-
processed syntheses are preferred.  These synthetic reactions are typically carried 
out at relatively low temperatures, thus requiring low energies.  The sol-gel reaction 
is one of these methods.  Sol-gel method, however, usually gives amorphous 
products, and calcination of the products is required to generate well-defined 
morphologic products.82   
Recently, the use of organic media for nano-sized inorganic materials 
synthesis has attracted much attention.  Since 1984, the synthesis of inorganic 
materials in organic media has been exploring at elevated temperatures (200 to 300 
°C) under autogenous pressure of the organic solvent.83  This technique is now 
generally called the “solvothermal” reaction.  The term “solvothermal” means that 
reactions occurred in liquid or supercritical media at temperatures higher than the 
boiling point of the medium.84  The pressure generated in the vessel (autoclaves) 
due to the organic medium vapors elevates the boiling point of the solvent.  
Therefore, the temperatures higher than the boiling point of the solvents could be 
created.  Hydrothermal reaction is a kind of solvothermal reaction.  In order to 
accomplish reactions at elevated temperatures under high pressure, pressure vessels 
are usually required.  Alternatively, sealed ampoules of glass or silica as a pressure 
vessel can be used for solvothermal reaction, but these experiments should be 
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carried out with great precaution because the ampoules could be easily broken by 
the internal pressure generated by the organic solvents.  To avoid explosion of the 
ampoules, they may be placed in an autoclave together with suitable organic 
medium to create a vapor pressure to balance the internal pressure of the ampoule.   
The high pressure and temperature generated during synthesis facilitate the 
interaction of precursors.  Due to the high-pressure employed, one often obtains 
high-pressure phases of the materials, and the solvothermal method can also be 
used to prepare thermodynamically stable and metastable states including novel 
materials that cannot be easily formed from other synthetic routes.  In the last 
decade, solvothermal reaction route has emerged to become the chosen method to 
synthesize nanocrystals of inorganic materials. 
It must be noted that the liquid structure of the organic medium is essentially 
unchanged at above or below the boiling point because the compressibility of the 
liquid is very small.  Higher pressure generated during the solvothermal reaction 
may facilitate or retard the reaction rate depending on the relative volume of the 
activated complex at the transition state to the volume of the starting molecules.  
However, it has been known that to measure the effect of reaction pressure, GPa-
scale pressure is required.  This implies that the autogenous pressure created by the 
vapor pressure of the organic medium has only a minor effect on the reaction rate.  
Therefore, it should not affect the reactions whether the temperature is above or 
below the boiling point of the solvents.  Consequently, “solvothermal” reaction 
should be defined more broadly as the reaction in a liquid medium at high 
temperatures.  The results from reactions in a closed system using Teflon-lined 
autoclaves and in an open system using a flask equipped with a reflux condenser are 
sometimes completely different from each other, especially when a byproduct such 
as water is produced during the reaction.   
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Various compounds have been synthesized through solvothermal reactions 
route: metals,85 metal oxides,86 chalcogenides,87 nitrides,88 phosphides,89 open-
framework structures,90 oxometalate clusters,91 organic-inorganic hybrid materials,92 
and even carbon nanotubes.93  Most products produced by solvothermal reaction are 
nano- or micro-particles with well-defined morphologies.  The distribution of the 
particle size of the product is typically fairly narrow, and mono-dispersed particles 
are frequently formed.  When the solvent molecules or additives are favorably 
adsorbed on a certain surface of the products, growth of the surface can be 
prohibited and thus products with unique morphologies may be generated by the 
solvothermal reaction route.94  Therefore a wide range of morphologies of the 
products such as nanorods, wires,94 tubes,95 and sheets96 has been obtained through 
solvothermal reaction route. 
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CHAPTER 3 
CONCOMITANT THIONATION AND REDUCTION OF GRAPHENE OXIDE THROUGH 
SOLID/GAS METATHETICAL SULFIDATION REACTIONS AT HIGH TEMPERATURES 
3.1 Introduction 
Chemical reduction and/or functionalization of graphene oxide (GO) is 
important as a promising strategy in manipulating the physical and chemical 
properties of graphene and in further providing new graphene-based hybrid 
materials.28b, 97  Among various methods,97a, 97d, e covalent functionalization can 
provide permanent functional groups covalently linked to the surface of GO sheets, 
mainly by utilizing carboxyl groups as a linking unit.  For example, covalent-
functionalized GOs were obtained by using porphyrin,97e adenine,98 long-chain alkyl 
amine,97b and aryl diazonium salt.97d  The hydroxyl groups on GO have been also 
utilized as a cross linker for organic isocyanates.97a   
Most of the chemical treatments of GO are carried out with a regent usually in 
an aqueous medium.99  Meanwhile, chemical modifications of GO at high 
temperatures are relatively rare in the literature.  One reason for this can be because 
of the relatively scarce availability of reagents that are suitable for high-temperature 
reactions of GO.  Indeed, the well-established high temperature reduction method 
for GO does not employ any chemicals but relies on the explosive evaporation of 
water and other gaseous molecules during the rapid heating of GO.39, 100  Further 
exploration of high-temperature reactions may lead to new synthetic methodologies 
for new GO derivatives that can have unique properties. 
Herein, I report a high-temperature solid/gas metathetical method for 
graphene oxide which produces thionated reduced graphene oxides (hereafter called 
“mercapto graphene oxide (m-RGO)”) with a thiol content over about 24 wt% (from 
nonhydrogen elements only).  The thionation reagent for GO in this high temperature 
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method is boron sulfides (BSn, n = 1.5 ~ 2) which in previous work have shown to 
be unique in metal sulfide formation from their corresponding oxides.101  Compared 
to other sulfurization reagents such as H2S and CS2, gaseous boron sulfides can be 
effective at temperatures as low as 350 °C, especially under vacuum.  Metathetical 
reactions of the boron sulfides are favored particularly when oxides are used for 
metathetical sulfidation.  The large formation energy of the vitreous B2O3 byproduct 
(∆Gf°(v-B2O3) = −1182.5 kJ/mol),
102 as compared to those of boron sulfides (∆Gf°(v-
B2S3) = −247.6 kJ/mol; ∆Gf°(v-BS2) = −120 kJ/ mol),
103 makes the sulfidation 
thermodynamically favorable for a variety of metal oxides.  In addition, the method 
allows nanoparticles to maintain their small particle sizes101a and it can even break 
up microparticles into nanoparticles.101b  This has been attributed to the formation of 
v-B2O3 byproduct which is in a liquid state at the reaction temperature and thus acts 
as a passivation coating around sulfide nanoparticles, effectively preventing 
nanoparticles from fusing and growing.101 
In application of the method for GO in the work, the boron sulfides are 
produced in situ in an evacuated reaction container in which GO is heated at high 
temperatures.101  The high-temperature reaction condition allows a simultaneous 
reduction of GO, and yet the m-RGO products are remarkably well dispersible in 
water and various solvents, indicating less significant restacking of the graphene 
sheets even under the employed high temperature condition.  In addition to 
chemical, microscopic, and spectroscopic characterizations, the quantity of the 
reactive thiol groups in the products was probed by employing disulfide formation 
reaction with Ellman’s reagent.  
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3.2 Experimental Section 
3.2.1 Synthesis of Graphene Oxide (GO) 
GO was synthesized by a modified Hummers method through oxidation of 
graphite powder.34  In a typical procedure, 1 g of graphite flake (Sigma-Aldrich) was 
ground with 5 g of NaCl (Alfa Aesar, 99+%) until the mixture becomes homogeneous 
by visual inspection.  NaCl from the mixture was then washed away using deionized 
water with vacuum filtration.  The ground graphite on the filter paper was dried at 
110 °C in a lab oven for 2 h.  0.765 g of NaNO3 (Sigma-Aldrich, ≥ 99.0%) was 
dissolved in 40 mL of concentrated H2SO4 (Sigma-Aldrich, ACS reagent, 95 ~ 98%) 
in a 400 mL beaker with stirring.  1 g of the ground graphite was then added to the 
beaker.  Afterward, the beaker was placed in an ice bath and 5 g of KMnO4 (Sigma-
Aldrich, ≥ 99.0%) was slowly added to the beaker while the temperature was kept 
below 10 °C.  The mixture was heated at 35 ~ 40 °C with vigorously stirring until it 
became pink thick paste.  100 mL of deionized water was added to the beaker and 
20 mL of H2O2 (Alfa Aesar, ACS reagent, 29 ~ 32%) was slow added to the 
suspension subsequently.  After the reaction, the color of the suspension became 
bright yellow.  The suspension was then repeatedly centrifuged and washed with 
diluted HCl until BaCl2 (Anhydrous purified, J.T. Baker chemical Co.) test shows a 
negative result. 
 
3.2.2 Synthesis of Mercapto Reduced Graphene Oxide (m-RGO) 
Sulfidation of GO was performed by modifying previously reported solid/gas 
sulfidation method for metal oxides, where gaseous boron sulfides (BSn) are 
generated in situ from elemental boron and sulfur.101  Multiple samples were 
prepared with various reaction temperatures and amounts of GO with respect to 
boron and sulfur precursors while the B:S atomic ratio was fixed at 1:2 (Table 1).  
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The oxygen amounts in the reaction mixtures were estimated solely from the relative 
amounts of oxygen in GO estimated from the X-ray photoelectron spectroscopy 
results without taking into account the presence of hydrogen atoms.   
Hereafter, the description of synthesis is given by using Sample 3 in Table 1 
as a representative example.  Typically, about 0.2 g of GO dispersed in deionized 
water (0.1 wt%, pH ~ 1) was mixed with 130 mL of 1 M NaOH aqueous solution.  
The solution was centrifuged and the supernatant was decanted.  0.0900 g of 
amorphous boron powder (Alfa Aesar, 99.99%, 325 mesh) and 100 mL of deionized 
water were added to the precipitate and the mixture was sonicated until it became 
homogeneous by visual inspection.  The mixture dispersion was then dried in a lab 
oven at 110 °C overnight.  0.5347 g of sulfur powder (Alfa Aesar, 99.999%) was 
mixed with the dried precipitate and the mixture was subsequently placed in a fused 
silica tube (11 mm I.D.).  After the silica tube was evacuated (~10–6 torr) and 
flamed-sealed, the mixture in the silica ampule was gradually heated at 100 °C/hr to 
500 °C, kept for 10 hrs, and radiatively cooled to room temperature.  After the 
reaction, the silica ampule was intact, and there was no visible indication of corrosion 
on the inner surface.   
Once the product was taken out after breaking the silica ampule, it was 
ground and sonicated in carbon disulfide to wash off the unreacted sulfur.  After 
centrifugation and decantation, the precipitate was dried in air.  The product was 
then repeatedly washed with degassed hot water (~80 °C) until the supernatant 
became colorless, in order to remove unreacted boron sulfide and the by-product 
B2O3.  2 mL of 12 wt% sodium borohydride (NaBH4) (Fluka) in aqueous 14 M NaOH 
solution was added to the product and then the mixture solution was sonicated for 
10 min.  The solution became green, indicating presence of polysulfide liberated from 
the product.  This was repeated a couple of times until the color of the supernatant 
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solution became colorless.  A sufficient volume of 1 M HCl solution was added to the 
solution to give a final pH of about 1.  The solution was then centrifuged and 
decanted.  The precipitate was rinsed multiple times with deionized water and 
subsequently washed with N,N-Dimethylformamide (DMF) (Alfa Aesar, anhydrous, 
amine free, 99.9%) and sonicated for 40 min in DMF.  After centrifugation at 10,000 
rpm for 10 minutes, the supernatant was collected to obtain dispersion.   
As a control, GO was thermally treated in the same way but without adding 
boron and sulfur, and the product is called ttGO (thermally-treated GO) hereafter.  
The purification of ttGO was carried out by washing the reaction product with 
degassed hot water (~80 °C) and drying it in a lab oven. 
 
3.2.3 Materials Characterization 
Powder X-ray diffraction data were collected using a Siemens D5000 
diffractometer with Cu-Kα radiation.  Thermogravimetric analysis (TGA) studies were 
performed using a Mettler-Toledo TGA/DSC 1 STARe system.  Samples were 
analyzed by heating from 25 to 800 °C at 5 °C·min-1.  All analyses were carried out 
under an Ar flow at 60 mL·min-1 with 70 μL-capacity alumina crucibles.  Elemental 
analysis was performed with ground and air-dried samples using energy dispersive 
X-ray spectrometer (EDS) attached to an FEI XL-30 scanning electron microscope at 
10 keV.  For each sample, 13 different places were examined to obtain average 
chemical compositions.  Transmission electron microscopic (TEM) studies were 
conducted using a JEOL 2000FX at an accelerating voltage of 200 kV.  TEM samples 
were prepared by dipping a copper grid covered with a holey carbon film into an 
aqueous m-RGO dispersion, and subsequently taking out and drying it in air.   
X-Ray photoelectron spectroscopic (XPS) studies were carried out using a 
ThermoFisher VG 220i-XL spectrometer with a monochromated Al Kα radiation 
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(1486.6 eV, line width = 0.8 eV).  The pressure in the analyzing chamber was kept 
at the level of 10-9 torr while recording the spectra.  The spectrometer had the 
energy resolution of 0.4 eV.  All the binding energies were corrected with respect to 
C(1s) at 284.6 eV.  Deconvolution of the high-resolution spectra was carried out 
using the CASA software with the accuracy of 0.2 eV and a 70% Gaussian-30% 
Lorentzian peak shape after performing a Shirley background correction.  For the C1s 
spectra, deconvolution was carried out with C–C (sp2- and sp3-hybridization peaks at 
284.7 and 285.4 eV, respectively),37 C–O (hydroxyl, carbonyl, and carboxylate peaks 
at 286.3, 287.4, and 289.2 eV, respectively).104  Carbon atoms with the C–S bond 
were not separately treated because the C1s binding energy of C–S (285.3 eV)105 is 
too close to that of C–C (sp3-hybridization) and thus could not be resolved, given the 
resolution of the XPS instrument (0.4 eV).  The O1s spectra were deconvoluted with 
three functional groups, C═O (531.6 eV), C–OH (532.7 eV) and C–O–C (533.6 
eV).106  The S2p spectra were deconvoluted with three functional groups; C–SO3 
(S2p3/2 at 167.8 eV with FWHM of 1.8 eV; S2p1/2 at 168.9 eV with FWHM of 1.8 
eV),107 C–SH (S2p3/2 at 164.0 eV with FWHM of 1.1 eV; S2p1/2 at 165.2 eV with 
FWHM of 1.1 eV)108 and C═S (S2p3/2 at 162.0 eV with FWHM of 1.3 eV; S2p1/2 at 
163.2 eV with FWHM of 1.4 eV).109  The area ratio for the S2p3/2 and S2p1/2 spin-
orbit doublet peaks was fixed at 2:1 for all the sulfur species.  Other sulfur functional 
groups such as thiophene (S2p3/2 at 163.8 eV)
110 and thioester (S2p3/2 at 163.5 
eV)111 were not included, as they do not appear in the spectra. 
A Nicolet 6700 FTIR spectrometer (Thermo Scientific Nicolet) was used to 
collect attenuated total reflectance (ATR) FTIR spectra of ethanol and supernatant 
solutions of m-RGO dispersed in ethanol.  Drops of each sample solutions were 
placed on a diamond plate for the measurements.  All spectra were calibrated 
against an air spectrum.  Drops of each sample were placed in contact with 
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attenuated total reflectance (ATR) on a multibounce plate of diamond.  All spectra 
were rationed against a background of an air spectrum.  UV-Vis measurements were 
performed using a Hewlett-Packard 8453 spectrophotometer using quartz cuvettes 
with a 1-cm path length.  For the measurements, aqueous solutions of GO and m-
RGO were prepared by dispersing air-dried GO and m-RGO powders by sonication for 
1 hour, centrifuging at 6000 rpm for 10 min and collecting supernatant solutions.  
The Raman data were collected using a custom-built Raman spectrometer in 180° 
geometry.  Air-dried sample powders were sprinkled on a glass slide and the 
measurements were performed at room temperature using a 0.5 mW Compass 532 
nm laser.  The laser power was controlled using neutral density filters.  The laser was 
focused onto the sample using a 50X superlong working-distance Mitutoyo objective 
with a numerical aperture of 0.42.  The signal was discriminated from the laser 
excitation using a Kaiser laser band pass filter followed by a Semrock edge filter.  
The data were collected using an Acton 300i spectrograph and a back thinned liquid 
nitrogen cooled CCD detector (Princeton Instruments).  
 
3.2.4 Quantitative Analysis of Thiol Funtional Groups on m-RGO 
Ellman’s reagent [5,5’-dithiobis(2-nitrobenzoic acid), DTNB] (Sigma-Aldrich, 
≥ 98 %) and L-cysteine (Spectrum Chemical Mfg. Corp., ≥ 98 %) were used as 
received without further purification.  All the solutions and dispersions were prepared 
by using Millipore water (18.2 MΩ·cm).  7.92 mg of DTNB was dissolved in 10 mL of 
4-ethylmorpholine  (Sigma-Aldrich, ≥ 97 %) buffer solution (50 mM, pH 7.6) to 
prepare a 2.0 mM DTNB stock solution.  1.32 mg of m-RGO was added separately to 
1 mL of water and sonicated for 30 min.  100 μL of the resulting m-RGO dispersion 
was added to a mixture of 750 μL of water, 50 μL of 2.0 mM of the DTNB solution 
and 100 μL of Tris-HCl buffer (0.1 M, pH 8.0) and vortexed thoroughly to prepare a 
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homogeneous 1 mL mixture solution.  The mixture solution was allowed to stand for 
30 seconds and was centrifuged to remove m-RGO particles before measuring its 
UV-Vis absorbance.  Standard L-cysteine solutions were prepared freshly just before 
the experiment.  Typically, 5.0 mg of L-cysteine was dissolved in 10 mL of Millipore 
water.  This solution was then diluted with water appropriately to prepare 1.0, 1.8, 
2.5, and 3.7 μM solutions.  100 μL of each solution was used in place of the sample 
m-RGO dispersion to produce five standard thiol solutions and finally to obtain a 
calibration curve by using the absorbance values at 413 nm. 
 
3.3 Results and Discussions 
The mercapto reduced graphene oxide (m-RGO) has been synthesized 
through metathetical sulfidation reaction between GO and in situ-formed boron 
sulfides.  Graphene oxide (GO), amorphous elemental boron, and sulfur were placed 
in a fused silica tube, evacuated, flamed-sealed, and heated at 350 or 500 °C for 10 
hrs.  Following our previous work,101 the reaction of GO with boron sulfides can be 
given in the Equation 3, 
CxHyOz·mH2O(s) + pBSn(g)   
Cx’Hy’Oz’Sz”(s) + (p/2)B2O3(v) + (x – x’)CHaOb(g)  + ((y – y’)/2 + 
m)H2S(g),                                                                            Equation 3 
where GO’s chemical formula is expressed as CxHyOz·mH2O in which H2O represents 
the water molecules present in the galley of GO sheets.  The typical amount of water 
in dried GO ranges from 10 to 20 wt%.28c, 112  Graphene oxide (GO) undergoes 
thermal decomposition39a to a great extent, giving various small gaseous 
carbonaceous molecules whose chemical formulas are collectively represented as 
CHaOb in the Equation 3.  The consequent decrease in the oxygen content in GO 
sheets is responsible to the reduction of GO (i.e., thermal reduction).39a, 100  Boron 
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sulfides would react with GO sheets to lead to partial substitution of oxygen atoms in 
the GO sheets with sulfur, producing Cx’Hy’Oz’Sz” and vitreous boron oxide byproduct.  
Based on our previous studies for metal sulfide synthesis from metal oxide 
nanoparticles,101 it is speculated that the vitreous boron oxide byproduct may act as 
a passivation coating between m-RGO sheets, avoiding significant restacking of the 
sheets during the reaction.  After the reaction, the boron oxide is conveniently 
removed from the product by washing in water or ethanol.  
Table 1 shows the reaction conditions and the C:O:S atomic ratios of the 
resulting m-RGO products obtained from XPS results (see below for details).  Two 
different loadings of boron sulfide precursors were tested while the B:S atomic ratio 
was fixed at 1:2 for all the experiments. B2S3 and BS2 are the only stoichiometric 
boron sulfides that have been known in the literature and the employed B:S ratio is 
the one that corresponds to the sulfur-richer compound, BS2.  The composition was 
chosen to provide the largest amount of reactive sulfur atoms bound to boron under 
the in situ formation condition effective above 350 °C.  All the reactions except one 
were carried out at 500 °C.  In Table 1, the loadings are expressed by the atomic 
ratios of the oxygen in the dried GO and the boron and the sulfur in the precursor 
mixtures, for which the amount of oxygen in the dried GO precursor was estimated 
from XPS results.  The loading at the O:B:S ratios of 1.67:1:2 would generate a 
slightly excess amount of boron sulfides compared to what is expected for the 
stoichiometric formation of B2O3 (O:B = 1.5:1).  Another loading (O:B:S = 0.67:1:2) 
was chosen to examine the effect of the excess presence of boron sulfides in the 
reaction.  In Table 1, it is found that the degree of reduction and sulfidation is not 
affected significantly by the different loadings, as the resulting products (Samples 1 
– 6 in Table 1) have similar C:O:S ratios (~20:1:~2), although the Sample 3 
showed the largest amount of sulfur.  All the subsequent characterizations were 
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performed for Sample 3.  Two different heating rates, 100 and 250 °C/hr were tried 
and they didn’t show significant differences in the resulting compositions.  Rapid 
heating conditions, which are typically achieved by inserting the reaction container in 
a hot furnace,39b were not attempted due to the potential danger of breaking the 
container and subsequent emission of toxic H2S gas.  Meanwhile, a reaction at 350 
°C, the lowest temperature that still can produce gaseous boron sulfides,113 resulted 
in a lower amount of sulfur (O:S = 1:1.3) and a less degree of thermal reduction 
(C:(S+O) = 3.3) in the product.  All the products from the reactions at 500 °C 
showed the C:(S+O) ratios from 5.3 to 7.1, which is similar to a previous report 
where the RGOs produced by thermal treatment at 500 °C under an argon or H2 flow 
were found to have the C:O ratios from 6.9 to 7.3.100  
Table 1. Atomic compositions of the mercapto reduced graphene oxide from 
different reaction conditions. 
Sample 
 Synthetic condition  Atomic composition 
 
O:B:S 
Temperature 
(°C) 
Ramping 
rate 
(°C/hr) 
 
C:O:S C/(S+O) 
1  1.67:3:6 500 100   22:1:2.1 7.1 
2  1.67:3:6 500 250   20:1:2.0 6.7 
3  0.67:3:6 500 100   17:1:2.2 5.3 
4  0.67:3:6 500 250   19:1:2.0 6.3 
5  0.67:3:6 350 100  7.6:1:1.3 3.3 
 
Figure 11 shows the dispersions of GO, ttGO, and m-RGO in deionized water, 
ethanol, acetone, N,N-dimethylformamide (DMF), and propylene carbonate (from left 
to right).  Propylene carbonate was chosen because of its large dipole moment (4.9 
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Debye) and thus its potential as a good solvent.  The dispersions were prepared by 
ultrasonication for 1 hr and left unperturbed for 3 months before taking the 
photographs.  After the long settling period, GO particles precipitated out from all the 
solvent except water.  Meanwhile, complete precipitation is observed for ttGO 
particles in water, ethanol, acetone and propylene carbonate.  Although not clear in 
the photograph, a significant amount of ttGO was found at the bottom of the 
ttGO/DMF dispersion.   
 
Figure 11.  Photographs of (a) GO, (b) ttGO, and (c) m-RGO dispersions in water 
(H2O), ethanol (EtOH), acetone (Act), N,N-dimethylformamide (DMF) and propylene 
carbonate (PC) from left to right. 
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In contrast to GO and ttGO, all the m-RGO dispersions showed no appreciable 
amount of precipitates even after the three-month period.  This observation is rather 
remarkable in contrast to most of GO, reduced graphene oxide (RGO) and their 
derivatives which show rather exclusive dispersibilities in either water or organic 
solvents.28b, c, 114  As described below, m-RGO is more reduced than GO and more 
importantly, it exhibits a significant amount of thiol groups in addition to hydroxyl 
groups on the graphene sheets.  The reduced nature of the carbon atoms and the 
presence of the thiol groups must increase the hydrophobicity of the material and 
promotes a good dispersibility in organic solvents.  In comparison to hydroxyl 
groups, however, we speculate that the relatively acidic nature of thiol groups results 
in deprotonation of thiols to some extent to give thiolate ions on the graphene 
sheets, so that it allows m-RGO to disperse well even in water.  
Powder X-ray diffraction (PXRD) patterns of the prepared ttGO and m-RGO 
are compared with those of graphite flake precursor and GO in Figure 12.  In 
Figure 12(b), the (001) Bragg peak of the oven-dried GO is located at 11.9° (d-
spacing = 7.44 Å ),104b which confirms that we have obtained a well-oxidized graphite 
in which a significant amount of water molecules are present in the intersheet 
gallery.  Although not show here, our GO samples dried by using rotary evaporation 
and freeze drying methods exhibit the (001) peak at 9.6 and 10.2°, respectively, 
which is also in good agreement with reported literature previously.37, 115  The (001) 
Bragg peak position of GO appears typically near 10° but its precise location varies 
with the degree of oxidation104, 115 and humidity.15, 16b, 17   
In Figure 12(d), the (002) peak of m-RGO has a much larger Full Width at 
Half Maximum (FWHM) and a lower intensity than that of ttGO (Figure 12(c)), 
suggesting that m-RGO has poorly stacked graphene sheets, as expected from the 
observed high dispersibility of m-RGO (Figure 11).  Compared to GO, the (002) 
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peak of m-RGO shows a significant shift to 24.4° (d-spacing = 3.64 Å ).  Indeed, the 
(002) peak position and its FWHM of m-RGO are comparable to those of highly 
reduced GOs (RGOs) reported in the literature,37, 107b and hence the sulfurization 
reaction does not appear to noticeably affect the intersheet distances for m-RGO in 
comparison to RGO. 
Figure 12.  Powder XRD patterns of (a) graphite, (b) GO, (c) ttGO, and (d) m-RGO. 
Meanwhile, the sharp (002) peak of ttGO at 26.4° (Figure 12(c)), which is 
comparable to the (002) peak of graphite flake at 26.5° (Figure 12(a)), indicates 
significant dehydration and restacking of graphene oxide sheets into a graphite-like 
structure.  This feature is reflected in the Raman spectrum of ttGO where both D and 
G bands have smaller FWHMs than those for GO and m-RGO (Figure 13).  The G 
bands appear around 1600 cm-1, while the D bands are visible around 1340 cm-1 for 
all the samples except the graphite flake.  Graphite flake exhibits a 2D band at 2712 
cm-1.116  The positions of the G band for GO, ttGO, and m-RGO are higher in 
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frequency than that for graphite flake, which has been attributed to significant 
defects on graphene sheet.66, 116a, 117  The Full Widths at Half Maximum (FWHMs) of 
the G band of GO, ttGO, and m-RGO are much larger than that of graphite flake, 
which is due to a higher degree of atomic disorder.116b, 118  The ID/IG ratio of m-RGO 
(1.11) is almost the same as that of GO (1.08).The Raman spectrum of m-RGO is 
not changed significantly from the GO precursor in terms of the peak positions, 
FWHM and intensity ratios of the D and G bands, which is similar to what have been 
observed in comparative studies of RGOs and their original GO precursors.100 
Figure 13.  Raman spectra of (a) graphite flake, (b) GO, (c) ttGO, and (d) m-RGO.   
Figure 14 shows TEM images of m-RGO (Sample 3 in Table 1) on a lacey 
carbon TEM grid.  Generally, the material is in the form of sheets with a rag-like 
structure, which is consistent with the morphology expected for corrugated sheets 
with a high aspect ratio.119  Indeed, the general morphology of the m-RGO is similar 
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to that of GO (not shown here) and it indicates that the sulfidation at 500 °C doesn’t 
significantly affect to the structure of GO.  Thick fringes are observed around the 
edges of the sheet in Figure 14(b), which could indicate that there are only a few 
layers of the m-RGO sheet.7c, 119c  Such fringes have been observed even for 
monolayer graphene sheets when they have scrolls and multiple folds.120   
 
Figure 14.  TEM images of m-RGO.  The scale bars are 200 nm in (a) and 100 nm in 
(b). 
The high-resolution XPS spectra of GO and m-RGO are shown in Figures 15 
and 16, respectively, for selected energy regions.  Their corresponding XPS survey 
scans are shown in Figures 17(a) and 17(b).  The atomic ratios of C:O:S in GO 
calculated from its XPS survey scan shown in Figure 17(a) are 2.0:1:0.07 where 
the C:O is found to be in a typical range for well oxidized GOs.39b, 118  The 
deconvolution of the high-resolution C1s and O1s spectra depicted in Figures 15(a) 
and 15(b) indicates that only 7.1 % of the carbon atoms in GO exist as a sp2-
carbon, and the oxygen atoms are present in the form of hydroxyl (56%), carbonyl 
(23%), or ether (21%) functional groups.  The small amount of the sulfur in GO is 
present as a sulfonate, as surmised from the S2p peak position in Figure 15(c).  
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This is consistent with previous reports in which the GO from the Hummers method 
is shown to contain an insignificant amount of sulfonates.121  
Figure 15.  High-resolution XPS spectra of the core level region of (a) carbon 1s, (b) 
oxygen 1s, and (c) sulfur 2p for GO, respectively (colored). 
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Figure 16.  High-resolution XPS spectra of the core level region of (a) carbon 1s, (b) 
oxygen 1s, and (c) sulfur 2p for m-RGO, respectively (colored).  
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Figure 17.  XPS survey scans of (a) air-dried GO and (b) m-RGO.  See the main text 
for the details. 
Meanwhile, the C:O:S ratios in m-RGO are estimated to be 17:1:2.2 from its 
XPS survey scan represented in Figure 17(b), indicating that there exist more than 
twice as many sulfur atoms as oxygen atoms in the structure.  These results are 
consistent with the average chemical composition of the m-RGO of C:O:S = 15:1:2 
which was obtained using the energy dispersive X-ray spectroscopy (EDS) shown in 
Figure 18.  The deconvolution results indicate that 83% of the carbon atoms exist 
as sp2-carbon in m-RGO, in comparison to 7.1% in GO.  Among the oxygen 
functional groups, the relative amount of the hydroxyl groups remained the same 
(56%) in m-RGO while the carbonyl content somewhat decreased to 18% and the 
ether content increased to 25%.  More significantly, the sulfur atoms in m-RGO are 
present predominantly in the form of thiol (89%) in addition to thiocarbonyl (11%).  
The presence of the thiol groups is also evidenced from the ATR FT-IR spectrum of 
m-RGO dispersion in ethanol shown from 550 to 750 cm-1 shown in Figure 19.  In 
comparison to ethanol and a GO ethanol dispersion, the m-RGO dispersion shows 
two additional absorption peaks centered at 617 and 719 cm-1 which can be 
attributed to C–S stretching modes observed in thiols.122  The C–S stretching 
vibration is known to have a low intensity.123  Further characterization of the m-RGO 
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products using NMR techniques were attempted but unsuccessful due to the high 
electrical conductivity of the m-RGO that hampered the use of magic angle spinning. 
Figure 18.  Representative SEM image and EDS spectrum of air-dried m-RGO.  See 
the main text for the details.  
 
Figure 19.  ATR FT-IR spectra for ethanol (black line) and GO solution dispersed in 
ethanol (blue line) and m-RGS dispersed in ethanol (red line).  
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Ellman assay method124 was employed in order to quantify the amount of 
reactive thiols on m-RGO.  The UV-Vis absorption spectra of five standard solutions 
and one sample solution are shown in Figure 20 and the standard curve in Figure 
21, respectively.  The estimated thiol content in m-RGO was 28 wt%, taking into 
account only nonhydrogen elements, which is comparable to 24 wt% estimated from 
the XPS data.  In other words, most of the sulfur atoms in m-RGO are in the form of 
thiols that are chemically reactive to form disulfides.  Based on these spectroscopic 
and chemical studies, Figure 22 shows a schematic diagram of a chemical structure 
of m-RGO.  Analogous to the structures of GO,39b it is speculated that thiocarbonyl 
and carbonyl functional groups decorate the edge of the graphene matrix, while 
hydroxyl and thiol groups are placed on both the basal planes and the edges of the 
graphene sheets.   
 
Figure 20.  UV-Vis spectra of L-cysteine standard solutions with various 
concentrations and a mixture of m-RGO and DTNB in aqueous Tris-HCl buffer at pH 8 
in the Ellman assay experiment.124 
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Figure 21.  Plot of optical absorbance at 413 nm versus thiol concentration obtained 
from Figure 20.  Black dots and white dot represent the standard solutions and a 
sample solution, respectively.  The straight line (red) is a linear least square fit of the 
experimental data (Rp = 0.998). 
Figure 22.  Schematic diagram of mercapto reduced graphene oxide (m-RGO).  
The high sulfur content in the m-RGO produced at 500 °C potentially indicates 
a good thermal stability of the sulfur functional groups on the graphene sheets, and 
thus the thermal behavior of m-RGO was further studied by employing TGA.  Figure 
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23 shows the TGA results of m-RGO, ttGO, and GO carried out under Ar flow up to 
600 °C.  Excluding the weight loss below 100 °C due to evaporation of free water, 
GO shows a total weight loss of 53 wt%, which is consistent with the literature.112a  
In contrast, the TGA curve of m-RGO shows a weight loss of only 15 wt%.  Both GO 
and m-RGO show the largest weight loss in the relatively low temperature region 
from 100 to about 290 °C (45 and 5 wt% for GO and m-RGO, respectively).  The 
rather rapid weight loss has been assigned to the removal of labile oxygen functional 
groups of GO and RGO in the previous report.125  As temperature increases up to 600 
°C, both GO and m-RGO lost their weight more or less at the same rate.   
Figure 23.  TGA curves of dried GO (black line), ttGO (blue line), and m-RGO (red 
line). 
Meanwhile, ttGO gradually but only marginally lose its weight in the entire 
heating period.  The XPS studies on the m-RGO after the heat treatment (see Figure 
24) indicate that the heat treatment further reduced the m-RGO into a composition 
of C:O:S = 19:1:3.4 in comparison to the original composition (C:O:S = 17:1:2.2).  
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Notably, however, the relative amounts of sulfur to carbon and oxygen increased by 
42% and 55%, respectively.  These observations signify that the thiol functional 
groups are not as labile as the oxygen functional groups even up to 600 °C.   
Figure 24.  XPS survey scan (top-left) and high-resolution XPS spectra of core level 
region of C1s (top-right), O1s (bottom-left), and S2p (bottom-right) of m-RGO after 
heat treatment at 600 °C. 
The band-to-band optical gaps for GO and m-RGO were estimated to be 
approximate electronic band gaps, by applying Tauc’s Equation (Equation 4) on 
their UV-Vis absorption spectra within a parabolic band approximation for amorphous 
carbon:126 
αhν = B(hν – ETauc)
2  Equation 4 
where α is the absorption coefficient, B is the optical constant, h is Planck’s constant, 
ν is the frequency, and ETauc is the Tauc gap.  In this work, the Tauc’s equation is 
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transformed into an equivalent form, (A/λ)1/2 = κ(hν – ETauc), which relates the 
measured absorbance, A, directly to the absorbed light frequency through the Beer-
Lambert law, A = αbC, where b is the light path length of the analyte, and C is the 
concentration of the analyte.  κ is a proportional constant theoretically expressed as 
κ = (BbC/hc)1/2, where c is the velocity of light, but serves only as an empirical 
parameter here due to the simplistic nature of the Tauc model.  Figure 25 shows 
Tauc plots of (A/λ)1/2 versus hν for GO and m-RGO dispersions obtained from their 
UV-Vis absorption spectra shown in Figure 26.  By extrapolating the linear region of 
the curves to the energy axis, the Tauc gaps of GO and m-RGO are estimated to be 
3.3 and 0.03 eV, respectively (Figure 25).  The much smaller band gap estimated 
for m-RGO than for GO is consistent with the more reduced nature of the sp2-carbon 
atoms in the former.  However, the significant orbital overlap between sulfur 3s and 
3p orbitals with the -orbitals in the graphene sheet may be another possible cause 
for the band gap decrease. 
Figure 25.  Tauc plots of (A/λ)1/2 versus hν for (a) GO and (b) m-RGO. 
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Figure 26.  UV-Vis absorption spectra of GO (black) and m-RGO dispersions (red).  
The red-shit of the peak maximum is consistent with the reduced nature of the 
graphene sheets.127, 37  
 
3.4 Concluding Remarks 
It has been successfully demonstrated that simultaneous reduction and direct 
sulfidation of graphene oxide is possible through a relatively high-temperature 
solid/gas metathetical synthetic route by employing boron sulfides for the 
metathesis.  The resulting material, mercapto reduced graphene oxide (m-RGO), has 
a sulfur content about twice as much as the oxygen amount and most of the sulfur is 
present in the form of thiol functional groups.  Ellman assay on m-RGO has 
established that practically all the thiol groups in m-RGO act as free thiols which can 
participate in disulfide formation.  The thiol groups on the graphene sheets were 
found to be more thermally stable than the hydroxyl groups from TGA results. 
It is envisaged that the large amount of thiol groups directly bonded to 
graphene sheets in m-RGO may lead to advent of various new functionalization 
routes for graphene sheets through cross-linking the thiols to small molecules, 
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biological molecules or polymers based on disulfide formation or thiol-ene (yne) click 
chemistry.128  Having both sulfur and oxygen functional groups, the multifunctional 
nature of the material may provide unique opportunities in their applications.  In 
addition, the high affinity of m-RGO to noble metals may allow the material to be 
applied as a noble metal scavenger, as a conductive coating material on noble metal 
substrates,129 or as a passivating/stabilizing agent for noble metal nanoparticles for 
their biological applications.130  It is further noted that the newly developed 
thionation method may be applicable for other carbon nanomaterials that have 
surface oxygen functional groups, potentially extending the current scope of their 
functionalization schemes. 
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CHAPTER 4 
THIONATED REDUCED GRAPHENE OXIDE THROUGH ONE-POT SOLVOTHERMAL 
REACTION WITH BERZELIUS REAGENT, P4S10 
4.1 Introduction 
Since graphene was successfully isolated in 2004,5 it has been emerged as a 
fascinating material for many potential applications131 due to its extraordinary 
electronic properties.132  However, it was always been a challenging task for the past 
few years to have a bulk production of chemically synthesized graphene for its 
utilization in many potential areas.  Chemical modification or functionalization of the 
surface has been used as an easy pathway to tune various physical as well as 
chemical properties of carbon nano-materials over the years.28b, 97e, 133  In this 
regard, chemical modification of graphene has found out as a promising strategy to 
produce large quantities of graphene for different potential application purposes.  
The oxygen functionalized graphene is an electrically insulating material that is not 
desirable for many applications.  To dates, much research has been paid attention to 
manipulate both the physical and chemical properties of graphene through chemical 
modification or reduction of oxygen functionalized graphene namely graphene oxide 
(GO).97c, 134   
Till dates, only oxygen functional groups on chemically modified graphene 
generated during GO synthesis have been utilized for different limited purposes.  
Mainly, carboxyl and hydroxyl groups on graphene have been played a role of linking 
unit.97a, 135  The utilization of chemically modified graphene with multifunctional 
groups, however, could open up new directions of potential researches.  Among 
diverse functional groups, thiol functional group is favorable for various purposes 
such as cross-linking group through disulfide formation,136 click chemistry in various 
reaction media,128 self-assembly monolayers (SAMs) on gold surface,137 heavy metal 
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scavenger,138 biosensors,139 biomedical applications,140 and passivation and 
stabilization of noble metal nanoparticles for biological applications.130   
Various thionating agents such as potassium thioacetate,141 ethyl 
xanthogenate,142 sodium dimethyldithiocarbamate,143 and alkali hydrosulfide,144 have 
been used for the thionation of halogen groups by an SH group.  More recently, 
thiourea was employed to produce thiol functionalized nanodiamond.145  This 
procedure, however, requires substitution of hydroxyl functional group by bromide 
and multiple steps.  These all thionating agents cannot directly convert oxygen 
functional groups into corresponding sulfur functional groups.   
In contrast to all thionating agents aforementioned, almost all kinds of 
oxygen functionalities can be easily converted to corresponding sulfur functional 
groups by reacting those groups with P4S10.
80  Therefore, phosphorus decasulfide 
(P4S10) is one of the familiar thionating reagents, widely used for sulfidation in 
organic chemistry.  P4S10 was used for thionation of diethyl ether, ethanol,
81 and 
amiades.146  Moreover, P4S10 has been employed for the synthesis of heterocyclic 
compounds containing sulfur by simply replacing oxygen.80  The use of P4S10 in 
organic chemistry, however, was restricted due to poor yield and selectivity in the 
final product, which is an important issue in that area.  Although P4S10 is not the 
most desirable and useful thionating agent in terms of yield and selectivity in organic 
chemistry, it is still good enough using P4S10 to synthesize thiol-functionalized 
reduced graphene oxides (namely “mercapto reduced graphene oxides” (m-RGOs)) 
starting from graphite oxide prepared by modified Hummers method.34   
In 2005, P4S10 was used for thionation of oxidized multi-walled carbon 
nanotubes (O-MWCNTs) through reflux condition in toluene.  However, it requires 
long reaction time (7 days) and the sulfur content after the reaction was less than 2 
wt%.147  More recently, m-RGO was also synthesized in my previous study (in 
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Chapter 3) through high temperature route (solid-gas metathetical reaction) by 
utilizing gaseous form of boron sulfide (BxSy) molecules.  But those graphene sheets 
were re-stacked together in some extent during the course of reaction and it was 
difficult to completely utilize the product for different purposes.  In order to solve 
aforementioned problems, the development of efficient and facile synthetic route is 
required.  Therefore, in this study, a relatively low temperature solvothermal 
reaction route is developed to produce the m-RGOs from exfoliated graphite oxide by 
varying reaction conditions such as reaction temperatures and the amount of P4S10. 
Although there has not been a clear report of thionation mechanism of P4S10, 
the following two plausible reaction mechanisms have been generally accepted: 1) 
P4S10 could dissociate into P2S5 that eventually reacts with various oxygen functional 
groups and 2) P4S10 could dissociate into P2S5 which then reacts with pyridine 
(solvent) to form zwitterionic compounds and the zwitterionic compound 
subsequently reacts with various oxygen functional groups.148  To best my 
knowledge, thionation of graphite oxide with utilizing Berzelius reagent (P4S10) is for 
the first time successfully achieved.  Herein, a facile and efficient solvothermal 
reaction route is reported to produce m-RGO with 14.5~19.4 wt% sulfur content 
depending upon the reaction temperature.  For comparison, reduced graphite oxide 
(RGO) was synthesized through the same reaction condition as that of as-
synthesized m-RGO without P4S10.   
 
4.2 Experimental Section 
4.2.1 Synthesis of Graphene Oxides (GOs) 
GOs were prepared by using a modified Hummers method through oxidation 
of natural graphite flake with strong oxidants.34  In a typical procedure, 1 g of 
natural graphite flake (Sigma-Aldrich) was ground with 5 g of NaCl (Alfa Aesar, 
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99+%) until the mixture becomes homogeneous by visual inspection.  NaCl from the 
mixture was then washed away using deionized water with vacuum filtration.  The 
ground graphite on the filter paper was dried at 110 °C in a lab oven for 2 hours.  
0.765 g of NaNO3 (Sigma-Aldrich, ≥ 99.0%) was first dissolved in 40 mL of 
concentrated H2SO4 (Sigma-Aldrich, ACS reagent, 95 ~ 98%) in a 400 mL of beaker 
with stirring for 20 minutes.  About 1 g of the ground graphite was then added to the 
beaker.  Subsequently, the beaker was placed in an ice bath and then 5 g of KMnO4 
(Sigma-Aldrich, ≥ 99.0%) was slowly added to the beaker while the temperature 
was kept below 10 °C.  Afterward, the beaker was removed from ice bath.  The 
mixture in the beaker was then heated at 35 ~ 40 °C with vigorously stirring until it 
became pink thick paste.  100 mL of deionized water was added to the beaker and 
20 mL of H2O2 (Alfa Aesar, ACS reagent, 29 ~ 32%) was slow added to the 
suspension to finish the reaction.  After the reaction, the color of the suspension 
became bright yellow.  The suspension was then repeatedly centrifuged and washed 
with diluted HCl until BaCl2 (Anhydrous purified, J.T. Baker chemical Co.) test shows 
a negative result. 
 
4.2.2 Synthesis of Mercapto Reduced Graphene Oxides (m-RGOs) 
The purified GOs in water were mixed with 1 M NaOH solution to obtain 
precipitated GOs and subsequently the pH was adjusted around 9 by rinsing with 
deionized water.  The solvent exchange of the GOs sludge was performed with 100 
mL of pyridine by vacuum filtration.  The washed GOs sludge with pyridine was 
homogenized for 10 minutes to obtain exfoliated GOs in pyridine for further 
sulfidation reaction.  For the synthesis of m-RGOs via solvothermal reaction route, 
phosphorus decasulfide (P4S10, Sigma-Aldrich, 99%) has been used as a thionating 
reagent.  To get control over the amount of sulfur incorporation in graphitic network, 
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the amount of the phosphorus decasulfide (P4S10, sulfur precursor) as well as the 
reaction temperature were varied.  Hereafter, all m-RGOs samples, unless otherwise 
stated, were synthesized by using 10% excess with respect to stoichiometric amount 
of P4S10.  In a typical solvothermal reaction, 220 mg of P4S10 (10% excess with 
respect to stoichiometric amount of P4S10) was added to 200 mg of GO in 13 mL of 
pyridine in a Teflon-lined autoclave of capacity of 23 mL.  It was then placed in an 
oven preset at 120, 150 and 180 °C for 15 hours.  The solid product was collected 
via vacuum filtration and it was washed several times with deionized water and 
ethanol to remove all the unreacted starting materials and by-products.  The 
mercapto reduced graphene oxides (m-RGOs) in water were freeze-dried for further 
characterization.  This final product can be easily dispersed in various solvents like 
H2O, DMF, DMSO, NMP, etc. by sonication for 30 minutes to achieve the stable 
dispersion of mostly single or bi-layer m-RGO in wide range of solvent media. 
 
4.2.3 Materials Characterization 
Powder X-ray diffraction patterns (PXRD) were recorded using a Bruker D8 
diffractometer with Cu-Kα radiation.  Thermogravimetric analysis (TGA) studies were 
performed using a Mettler-Toledo TGA/DSC 1 STARe system.  Samples were 
analyzed by heating from 25 to 600 °C at 5 °C·min-1.  All analyses were carried out 
under an Ar flow at 60 mL·min-1 with 70 μL-capacity alumina crucibles.   
X-ray photoelectron spectroscopic (XPS) measurements were carried out 
using a VG-220IXL spectrometer with a monochromated Al Kα radiation (1486.6 eV, 
line width 0.8 eV).  The pressure in the analyzing chamber was kept at the level of 
10-9 torr while recording the spectra.  The spectrometer has the energy resolution of 
0.4 eV.  All the binding energies were corrected with reference to C(1s) at 284.6 eV.  
Deconvolution of the spectrum was done using the CASA software with the accuracy 
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of 0.2 eV.  Shirley background was used for the deconvolution.  For the high-
resolution C1s XPS spectrum was deconvoluted into the following three components: 
C–C (sp2- and sp3-hybridized peaks at 284.7 and 285.4 eV, respectively),37 C–S 
(285.3 eV),105 and C–O (hydroxyl or ether peaks at 286.5 eV).104  Carbon atoms with 
the C–S bond were not separately treated because the C1s binding energy of C–S 
(285.3 eV)105 is too close to that of C–C (sp3-hybridization) and thus could not be 
resolved, given the resolution of the XPS instrument (0.4 eV).  The high-resolution 
O1s XPS spectrum was presented with the following oxygen functional groups: P–O, 
C═O (531.7 eV),106, 149 and/or oxygen binding energy in sulfonic functional group 
(531.2~532 eV),150 as well as C-OH (532.7 eV).106  The high-resolution S2p XPS 
spectrum was deconvoluted with three functional groups: C═S (S2p3/2 at 162.0 eV 
with FWHM of 1.4 eV; S2p1/2 at 163.2 eV with FWHM of 1.4 eV),
109 C–SH (S2p3/2 at 
164.0 eV with FWHM of 1.2 eV; S2p1/2 at 165.2 eV with FWHM of 1.2 eV),
108 and C-
SO3H (S2p3/2 at 167.5 eV with FWHM of 1.4 eV; S2p1/2 at 168.7 eV with FWHM of 1.4 
eV).150b, 151  The area ratio and splitting energy difference between S2p3/2 and S2p1/2 
spin-orbit doublet peaks were 2:1 and 1.2 eV, respectively.   
A Nicolet 6700 FTIR spectrometer (Thermo Scientific Nicolet) was used to 
collect attenuated total reflectance (ATR) FTIR spectra of ethanol and supernatant 
solutions of m-RGO dispersed in ethanol.  Drops of each sample solutions were 
placed on a diamond plate for the measurements.  All spectra were calibrated 
against an air spectrum.  Drops of each sample were placed in contact with 
attenuated total reflectance (ATR) on a multibounce plate of diamond.  All spectra 
were rationed against a background of an air spectrum.  Scanning transmission 
electron microscopy (STEM) images and elemental mapping images were acquired 
using JEOL 2010F (200 kV) TEM/STEM equipped with Schottky type field emission 
gun and EDAX thin window X-ray energy dispersive spectrometer (EDS) detector.  
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For the STEM-EDS composition analysis, 8 different areas were examined and 
averaged out.  STEM samples were prepared by dipping a copper grid covered with a 
holey carbon film into the dispersion, taken out and dried in air.   
UV-Vis measurements were carried out using a Hewlett-Packard 8453 
spectrophotometer using quartz cuvettes with a 1 cm path length.  Surface 
topography images were obtained using atomic force microscope (Pico-Plus AFM, 
Molecular imaging, Agilent technologies).  All AFM studies were performed in air 
using a tapping mode with SCANASYST-AIR tips (Bruker). The mercapto reduced 
graphene oxide (m-RGO) suspension in 200-proof ethanol obtained after 
ultrasonication for 30 minutes and subsequently centrifuged at 6000 rpm for 10 
minutes was used for deposition of m-RGO sheets on freshly cleaved mica by using 
drop-casting method.  The images were collected at a scan rate of 1.0 Hz in air.   
The Raman spectra were collected using a custom-built Raman spectrometer 
in 180° geometry.  The sample was excited using a 0.75 mW Compass 532 nm laser.  
The laser power was controlled using neutral density filters.  The laser was focused 
onto the sample using a 50X superlong working-distance Mitutoyo objective with a 
numerical aperture of 0.42.  The signal was discriminated from the laser excitation 
using a Kaiser laser band pass filter followed by a Semrock edge filter.  The data 
were collected using an Acton 300i spectrograph and a back thinned Princeton 
Instruments liquid nitrogen cooled CCD detector.  
 
4.3 Results and Discussions 
Figure 27 shows the dispersions of RGOs and m-RGOs in deionized water 
(left), ethanol (middle), and N,N-dimethylformamide (DMF) (right).  The dispersions 
were prepared by ultrasonication for 40 minutes (Figure 27(a) and (c)) and 
centrifugation at 4000 rpm for 10 minutes after sonication (Figure 27(b) and (d)), 
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respectively.  Both RGOs and m-RGOs show a good dispersion in all solvents right 
after sonication but after centrifugation, almost all RGOs precipitated out in all 
solvents.  In contrast to RGOs, m-RGOs still shows a good dispersion in both ethanol 
and DMF after centrifugation.  Although all RGOs in water were precipitated out, the 
m-RGOs still demonstrates relatively good dispersion in water after centrifugation.  
The dispersibility of m-RGOs in both water and organic solvents is rather remarkable 
in contrast to most of GOs, RGOs and their derivatives that show rather exclusive 
dispersibilities in either water or organic solvents.28b, c, 114  The dispersibility between 
RGOs and m-RGOs is very different from each other, which indicates that thiol 
functional group on the surface can change the dispersibility of m-RGO significantly.  
Herein, It might be speculated that relatively more acidic thiol group than hydroxyl 
group can be deprotonated in some extent to form thiolate that can generate 
negative charge on the surface and it generates a good dispersion in water. 
Figure 27.  Photographs of (a) and (b) RGOs and (c) and (d) m-RGOs dispersion in 
water, ethanol (EtOH), and dimethylformamide (DMF) right after sonication (a) and 
(c) and after centrifugation at 4000 rpm for 10 minutes (b) and (d). 
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The absorption coefficients of graphite dispersed in various organic solvents 
and in water/surfactant were reported previously.28e, 152  The absorption coefficient 
was varied in different solvents as well as materials.28e, 153  Therefore, the absorption 
coefficient of m-RGOs can be different from that of graphite.  In order to find the 
absorption coefficient of m-RGOs dispersed in DMF and ethanol, these dispersions 
were characterized by UV-Vis absorption spectroscopy and the absorption at 660 nm 
was collected with different concentration of m-RGOs in DMF and ethanol, which is 
showing Beer-Lambert behavior shown in Figure 28.  The absorption coefficient at 
660 nm of m-RGO in DMF and in ethanol is 4080 and 3070 L g-1 m-1, respectively.   
Figure 28.  Absorbance at 660 nm with different concentration of m-RGOs dispersed 
in DMF (up) and in ethanol (bottom), respectively. 
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Additionally, UV-Vis spectra of GOs, RGOs, and m-RGOs are shown in Figure 
29.  The absorption peaks of GOs are shown around 229 nm as well as a shoulder 
around 305 nm which attributes to π→π* transition of aromatic C‒C bond and n→π* 
transition of C═O.31a  The absorption peak position of π→π* transition was red-
shifted from 229 nm for GOs to 260 nm for RGOs and to 273 nm for m-RGOs due to 
extended aromatic C‒C bond, suggesting that electronic conjugation within graphene 
sheet is restored.31a, 114  It is important to note that the absorption peak of m-RGOs 
(273 nm) is further red-shifted than that of RGOs (260 nm), which indicates that the 
optical transition gap of m-RGOs was further decreased.  The further decreased 
optical gap may be a significant orbital overlap of 3s and 3p orbitals with π-orbitals 
of aromatic C‒C bond.   
Figure 29.  UV-Vis absorption spectra of GO (black), RGO (blue), and m-RGO (red) 
dispersions. 
Powder X-ray diffraction (PXRD) patterns of bulk graphite powder, GO, RGO, 
and m-RGO are presented in Figure 30.  (002) Bragg peak position in GO was 
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shifted to 2= 9.54° (d-spacing = 9.3 Ǻ) with respect to bulk graphite powder which 
indicates increase in interlayer spacing due to heavy oxidation of graphite flakes as 
well as intercalation of water molecules between the layers.37, 104b, 115  The (002) 
peak position (2= 24.7°, d-spacing = 0.36 Ǻ) of RGO and m-RGO, however, shows 
a significant shit compared with that of GO, which is the indirect evidence of 
dehydration of the intercalated water between the layers.  The (002) peak position in 
RGO and m-RGO is slightly lower than that (2= 26.5°, d-spacing = 0.34 Ǻ) of bulk 
graphite, which may be due to the presence of oxygen and sulfur functional groups 
on the basal planes of the graphene layers.  The large Full-Width at Half Maxim 
(FWHM) and less intense (002) peak in both RGO and m-RGO than that of graphite 
powder and GO reveal its less ordered structure along c-direction.  The (002) peak 
position and large FWHM of RGO is comparable with those of highly reduced GO 
reported previously37, 107b.   
Figure 30.  Typical powder XRD (PXRD) patterns of (a) bulk graphite powder, (b) 
GO, (c) RGO, and (d) m-RGO. 
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Raman spectra of graphite flake, GO, RGO, and m-RGO are shown in Figure 
31.  It is well known fact that graphite does not exhibit D band; it only shows the in-
phase vibration of the graphite lattice (G band, 1583 cm-1) corresponding to first-
order scattering as well as less intense and broader second-order scattering (2D 
band, 2722 cm-1).  The G band peak position in GO, RGO, and m-RGO (~1590 cm-1) 
is higher in frequency than that of graphite.  There are various factors such as 
varying grain size, presence of isolated double bonds,154 etc. that can influence the 
Raman spectra of graphitic materials, which have been debated so far.   
Figure 31.  Raman spectra of (a) bulk graphite flake, (b) GO, (c) RGO, and (d) m-
RGO. 
The intensity ratio of D-band to G-band (ID/IG) in graphitic materials has been 
usually used as an indication of the degree of the structural defects present in the 
materials.  According to Tuinstra-Koenig (TK) equation at a fixed λ,66 the ID/IG ratio 
increases with increasing disorder.  The ID/IG ratio of RGO was decreased after 
solvothermal reaction, which indicates that a degree of the structural defects was 
decreased during the reaction (restoration of sp2-hybridized C atoms).  The value of 
ID/IG ratio in GO and m-RGO, however, is 1.08 and 1.12 respectively, indicating 
presence of similar extent of structural disorder in these two materials.  This may 
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indirectly suggest that oxygen functional groups in GO were replaced by sulfur 
functional groups during the solvothermal reaction.   
The X-ray photoelectron spectra of RGO and m-RGO are depicted in Figure 
32 and Figure 33, respectively.  For the RGO, the survey scan depicted in Figure 
32(a) only shows carbon and oxygen peak and there is no any kind of undesired 
product present.  The atomic ratios of C:O estimated from the survey scan are 
6.56:1 that is higher than that of reduced GO via reflux condition in various organic 
solvents155 and it is comparable with the atomic ratios of C:O from reduced GO 
prepared by solvothermal route in NMP.156  The high-resolution C1s and O1s XPS 
spectra of RGO are shown in Figure 32(b) and (c) indicate that a majority of 
carbon species is sp2-carbon (72%) and oxygen atoms are present in the form of 
hydroxyl (46%), carbonyl (34%), and ether (20%) functional groups.  According to 
the high-resolution S2p XPS spectrum shown in Figure 32(d), there is no sulfur 
functional group present in reduced graphite oxide. 
Meanwhile, Figure 33(a) shows existence of carbon, oxygen, sulfur, and 
phosphorous peaks in the survey scan of m-RGO.  The C:O:S atomic ratios of m-
RGO calculated are 12.7:1:1.2.  The high-resolution XPS spectrum of phosphorous 
(not shown here) indicates the presence of higher valent phosphorous and the 
binding energy of higher valent phosphorous resembles with P–O binding energy.149  
The high-resolution XPS spectrum of C1s (Figure 33(b)) shows large FWHM 
envelope which indicates different types of carbon species at the carbon surface and 
a major component is sp2-carbon (75%).  The deconvoluted high-resolution XPS 
spectrum of O1s shown in Figure 33(c) represents that there are several types of 
oxygen atoms that can form C‒O, C═O, P‒O, and/or S═O.  The binding energy 
difference of C═O, P‒O, and S═O is less than 0.4 eV and thus these three 
components were not properly separated each other because the used XPS 
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instrument can’t resolve those three components due to resolution limitation (0.4 
eV).  The high-resolution S2p XPS shown in Figure 33(d) clearly shows presence of 
thiol (‒SH), thiocarbonyl (C═S) as well as sulfonic acid (‒SO3H) groups in graphite 
oxysulfide but thiol functional group (83%) has come out as a major sulfur functional 
group. 
Figure 32.  (a) Survey X-ray photoelectron spectral scan, (b) high-resolution XPS 
scan of C1s; (c) O1s; and (d) S2p of RGO. 
Figure 33.  (a) Survey X-ray photoelectron spectral scan, (b) high-resolution XPS 
scan of C1s; (c) O1s; and (d) S2p of m-RGO. 
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Scanning transmission electron microscope equipped with energy dispersive 
X-ray spectroscopy (STEM-EDS) was carried out to estimate chemical compositions 
of m-RGO.  For STEM-EDS analysis, it is more important to compare O:S atomic 
ratios rather than comparison of C:O:S atomic ratios because of the existence of 
carbon grid.  Each area of O:S atomic ratios was shown differently, which indicates 
that oxygen and sulfur atoms are not homogeneously distributed on graphene 
matrix.  One area of them is shown in Figure 34.  In STEM-EDS spectrum, Cu peak 
is also shown because of TEM Cu grid.  And the average O:S atomic ratios of m-RGO 
are 1:0.9± 2, which is consistent with the result of XPS.  The elemental mapping 
image of m-RGO shown in Figure 35 indicates that oxygen and sulfur functional 
groups are well distributed on m-RGO sheet.   
Figure 34.  Scanning Transmission Electron Microscope equipped with Energy 
Dispersive X-ray Spectroscope (STEM-EDS) image and the corresponding EDS 
spectrum of m-RGO. 
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Figure 35.  Dark field STEM image of m-RGO (left) and the corresponding elemental 
mapping image of m-RGO (right).  Red represents carbon, green represents oxygen, 
and blue represents sulfur.   
In order to confirm the presence of thiols on m-RGO, attenuated total 
reflectance-Fourier transform infrared (ATR FT-IR) was carried out with dispersion of 
RGO and m-RGO in ethanol.  The ATR FT-IR spectra from 800 to 550 cm-1 of RGO 
and m-RGO dispersion were shown in Figure 36, respectively.  The RGO dispersed 
in ethanol does not show any distinct peak within the spectrum range.  In contrast to 
RGO dispersion, m-RGO dispersed in ethanol shows an absorption peak centered at 
665 cm-1 which is attributed to C‒S stretching mode in thiols.157   
Figure 36.  ATR FT-IR spectra for supernatant solution of RGO (black) and m-RGO 
(red) dispersed in ethanol. 
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The m-RGO has been synthesized through solvothermal reaction condition 
performed at different reaction temperatures and the sample names were designated 
according to the reaction temperatures such as 120 °C, 150 °C, and 180 °C (See 
Table 2).  The second portion of the sample names e.g. 120, 150, and 180 indicates 
the corresponding reaction temperatures such as 120 °C, 150 °C, and 180 °C, 
respectively.  The atomic % of sulfonic functional group is the rest of the summation 
of the other sulfur functional groups because it is not presented in Table 2.  In order 
to understand the thermal stability of m-RGO as well as different sulfur functional 
groups, heat-treatment of m-RGO was performed at 600 °C under Ar atmosphere for 
10 minutes.   
Table 2. Detailed XPS data analysis of m-RGO samples as well as before and after 
heat treatment depicts the atomic % ratios of C, O, S, and C/S.  Atomic % of –SH as 
well as C═S groups from deconvoluted high-resolution X-ray photoelectron spectra of 
sulfur. 
Sample name C O S C/(S+O) 
(‒SH) 
(atomic %) 
(C═S) 
(atomic %) 
m-RGO-120 9.7 1 0.7 5.71 86.1 9.14 
m-RGO-150 10.5 1 0.9 5.53 80.9 11.8 
m-RGO-180 12.7 1 1.2 5.77 82.6 11.8 
m-RGO-120 
(heated at 600 °C) 
14 1 0.41 9.93 100 0 
m-RGO-150 
(heated at 600 °C) 
16 1 0.54 10.4 100 0 
m-RGO-180 
(heated at 600 °C) 
18 1 0.84 9.78 100 0 
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The TGA results and the high-resolution S2p XPS spectra were shown in 
Figure 37 and Figure 38, respectively.  Additionally, the corresponding XPS results 
are tabulated in Table 2.  Interestingly, after heat-treatment, all sulfur functional 
groups such as thiocarbonyl (C═S), and sulfonic (‒SO3H) functional group were 
removed except thiols (‒SH), which indicates thiols are more thermally stable than 
the other sulfur functional groups.   
Figure 37.  TGA curves of GO, m-RGO-120, 150, and 180 °C. 
The increase in sulfur content with increasing reaction temperature was 
reflected in the increased atomic % ratio of sulfur (S) as well as in decreased C/S 
atomic ratio (See Table 2).  The atomic ratios of C/(O+S) with different reaction 
temperature are almost all the same each other but the sulfur content was increased 
with increasing reaction temperature, which represents that more oxygen functional 
groups were replaced by sulfur functional groups with higher reaction temperature.  
It was also observed even if the amount of P4S10 was used during the course of the 
reaction as much as 50% excess than that of stoichiometric amount of P4S10, the 
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sulfur content in mercapto reduced graphite oxide was not changed significantly with 
varying reaction temperatures, indicating that 10% excess amount of P4S10 is 
enough to obtain the maximum sulfur content in the samples.  It was found from the 
deconvoluted high-resolution S2p XPS spectrum that thiols (‒SH) exist as a major 
(80-85 atomic %) sulfur functional group in m-RGO.  The existence of other sulfur 
functional groups such as thiocarbonyl (C═S) and sulfonic acid (‒SO3H) groups were 
also shown as minor sulfur functional groups evidenced from the deconvoluted high-
resolution XPS of sulfur.   
Figure 38.  High-resolution S2p XPS spectrum of m-RGO: (a) before heat-treatment 
and (b) after heat-treatment at 600 °C. 
Figure 39 shows atomic force microscopy (AFM) images and corresponding 
height profile of m-RGO.  AFM images of m-RGO were obtained by dispersing m-RGO 
in ethanol and then drop casted on freshly cleaved mica after sonication for 30 
minutes follwed by centrifugation at 6000 rpm for 10 minutes.  It is evidient from the 
height profile that the average thickness of the layer is about 1 nm which indicates 
that completely exfoliated m-RGO sheets deposited on mica.28c  From height profile 
in Figure 39(c), there are some spikes on the m-RGO surface due to wrinkled m-
RGO sheets on the substrate.  Additionally, some few-layered m-RGO re-stacked 
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together during evaporation were also found in low magnification.  The general 
morphology of m-RGO is irregular and lateral dimension is in the range from a couple 
of tenth nano-meters to about 1 μm. 
Figure 39.  (a) Low magnification; (b) high magnification AFM images; and (c) 
corresponding height profile of m-RGO.  The scanned areas are 10.010.0 µm2 and 
1.1× 1.1 µm2 respectively. 
 
4.4 Concluding Remarks 
It has been sucessfully demonstrated that through a facile one-pot low-
temperaure solvothermal synthesis, bulk quantity of m-RGO has been produced with 
both oxygen and sulfur functinal groups on its surface utilizing Berzelius reagent.  
The amount of the sulfur functional groups can be easily tuned simply by varying the 
reaction temperatures as well as the sulfur functional groups can be controlled by 
short heat-treatment at 600 °C.  This as-synthesized material, m-RGO, contains 19.4 
wt% of sulfur and thiol (‒SH) as the major functional group.  Among the sulfur 
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functional groups, thiols are more thermally stable.  To best of my knowledge, m-
RGO has been synthesized for the first time using P4S10 as a thionating agent.  These 
thiol functional groups on graphitic matrix can be exploited in different potential 
purposes like self-assembly monolayer (SAM) on gold substrate,137 heavymetal 
scavenger,138a and as a biosensor.139a  This unique and new thionating strategey 
could be applied to convert oxygen to sulfur functinal groups for other carbonaceous 
materials and biopolymers containing oxygen functional groups.   
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CHAPTER 5 
FABRICATION OF TRANSPARENT CONDUCTING THIONATED REDUCED GRAPHENE 
OXIDE THIN FILM 
5.1 Introduction 
Transparent and electrically conducting glass electrodes have been widely 
used in various photoelectronic devices.158  To dates, metal oxides such as indium tin 
oxide (ITO) and fluorine tin oxide (FTO) have been widely used as materials for glass 
electrodes.  These metal oxides, however, are becoming increasingly problematic 
due to limited availability of indium, instability in the presence of acid and base, 
reduced transparency in the near infrared (IR) region, and their susceptibility to ion 
diffusion in polymer layers.18b, 159  Graphene has been considered as a possible 
alternative electrode material because of the high optical transmittance of 97.7% for 
a single layer at 550 nm and electrical conductivity.13, 18b, 160  Graphene films can be 
directly fabricated by chemical vapor deposition (CVD)51b and epitaxial growth on 
SiC.6b  Aforementioned techniques require specific substrates, and not scalable and 
cheap.   
Another approach for fabrication of graphene film is to use graphene 
dispersion161 or reduced graphene oxide (RGO) dispersion.162  Because the product 
yield of RGO dispersion by ultra-sonication is extremely low, this approach is not 
suitable for fabrication of large-area films by directly using RGO dispersion.  A stable 
colloidal dispersion of graphene oxide (GO) in water can be easily obtained by ultra-
sonication due to the presence of hydrophilic oxygen functional groups.  The GO thin 
film preparation methods such as drop-casting,163 spin-coating,160 dip-coating,18b 
spraying,164 vacuum filtration,162 and Langmuir-Blodgett (LB) assembly165 have been 
developed.  These GO films, however, require extensive chemical reduction or 
thermal reduction to produce electrically conducting thin film.  The reduced graphene 
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oxide (RGO) film also can be directly fabricated from RGO suspension by vacuum 
filtration.162   
Self-assembly process at liquid-air interface and liquid-liquid interface can 
also form GO, RGO, and graphene thin films.  Graphene oxide film forms at pentane-
water interface by the evaporation of pentane through rapid injection of ethanol into 
a GO dispersion.166  Graphite oxide membranes were obtained by evaporation of GO 
dispersed in water.167  As-fabricated GO film or membrane requires chemical or 
thermal reduction to produce electrically conductive film or membranes and these 
methods are tedious due to evaporation of solvent step.  Graphene thin film can 
directly form at chloroform-water interface after sonication of the mixture.168  The 
amount of graphene dispersed in chloroform, however, is very small and this is not 
suitable for formation of large-area film.  Moreover, it is also difficult to obtain 
continuous large-area thin film because thin films can be easily cracked during 
transfer to the desired substrates.  These drawbacks make this process unsuitable 
for fabrication of continuous large-area thin films.  Reduced graphene oxide thin film 
can be fabricated at water-air interface after chemical reduction of GO dispersion.169  
During chemical reduction, almost all of RGO sheets precipitate out at the bottom 
and very small amount of RGO sheets that float on the water form RGO thin film.  
This method is also unsuitable for production of large-area RGO film on water.   
It is important to develop a new fabrication method to produce continuous, large-
area, and conducting thin film in order to apply the graphene thin films for many 
applications such as field emission device (FED)170, organic solar cell171, organic light-
emitting diodes,172 and so on.  The new fabrication method developed could at least 
satisfy the following two issues: 1) minimize loss of active material and 2) avoid 
post-treatment e.g., chemical or thermal reduction.  Herein, a facile fabrication of 
continuous large-area transparent conducting reduced graphene oxides thin film on 
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various substrates is reported for the first time by using homogeneous RGOs that are 
thiol-functionalized (m-RGOs) dispersion.  The synthesis of m-RGO was reported in 
my previous work (see Chapter 4).  Advantages of the described fabrication process 
are no limitation on size, shape, and substrate material, no additional reduction is 
required, no loss of active materials, and specific instrumentation for fabrication is 
not needed.   
 
5.2 Experimental Section 
5.2.1 Synthesis of Graphene Oxides (GOs) 
GOs were synthesized by using a modified Hummers method through 
oxidation of natural graphite flake with strong oxidants.34  In a typical procedure, 1 g 
of natural graphite flake (Sigma-Aldrich) was ground with 5 g of NaCl (Alfa Aesar, 
99+%) until the mixture becomes homogeneous by visual inspection.  NaCl from the 
mixture was then washed away using deionized water with vacuum filtration.  The 
ground graphite on the filter paper was dried at 110 °C in a lab oven for 2 hours to 
remove all physisorbed water.  0.765 g of NaNO3 (Sigma-Aldrich, ≥ 99.0%) was first 
dissolved in 40 mL of concentrated H2SO4 (Sigma-Aldrich, ACS reagent, 95 ~ 98%) 
in a 400 mL of beaker with stirring for 20 minutes.  About 1 g of the dried ground 
graphite was then added to the beaker with keep stirring.  Subsequently, the beaker 
was placed in an ice bath and then 5 g of KMnO4 (Sigma-Aldrich, ≥ 99.0%) was 
slowly added to the beaker while the temperature was kept below 10 °C.  Afterward, 
the beaker was removed from the ice bath.  The mixture in the beaker was then 
heated around 40 °C with vigorously stirring until it became pink thick paste.  100 
mL of deionized water was added to the beaker and 20 mL of H2O2 (Alfa Aesar, ACS 
reagent, 29 ~ 32%) was slow added to the suspension subsequently to finish the 
reaction.  After the reaction, the color of the suspension became bright yellow.  The 
  78 
suspension was then repeatedly centrifuged and the precipitate was washed with 
diluted HCl until BaCl2 (Anhydrous purified, J.T. Baker chemical Co.) test shows a 
negative result. 
 
5.2.2 Synthesis of Mercapto Reduced Graphene Oxides (m-RGOs) 
The purified GOs in water (pH ~4) were mixed with 1 M NaOH solution to 
obtain GOs precipitate and subsequently the pH was adjusted around 9 by rinsing 
with deionized water.  The solvent exchange of the GOs sludge was performed with 
100 mL of pyridine vacuum filtration to ensure complete removal physisorbed water.  
The washed GOs sludge with pyridine was homogenized for 10 minutes to obtain 
exfoliated GO in pyridine for further sulfidation reaction.  For the synthesis of m-RGO 
via solvothermal reaction route, phosphorus decasulfide (P4S10, Sigma-Aldrich, 99%) 
has been used as a source of sulfur.  To get control over the amount of sulfur 
incorporation in graphitic network, the amount of the phosphorus decasulfide (P4S10, 
sulfur precursor) as well as the reaction temperature were varied.  Hereafter, all m-
RGO samples, unless otherwise stated, were synthesized by using 10% excess with 
respect to stoichiometric amount of P4S10.  In a typical solvothermal reaction, 220 
mg of P4S10 (10% excess with respect to stoichiometric amount of P4S10) was added 
to 200 mg of GOs in 13 mL of pyridine in a Teflon-lined autoclave of capacity of 23 
mL.  It was then placed in an oven pre-heated at 120, 150 and 180 °C for 15 hours.  
After the reaction, the solid product was collected via vacuum filtration and it was 
washed several times with deionized water and ethanol to remove all the unreacted 
P4S10 and by-products.  The mercapto reduced graphene oxides (m-RGOs) in water 
were freeze-dried for further characterization.  This final product can be easily 
dispersed in various solvents like H2O, DMF, DMSO, NMP, etc. by sonication for 30 
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minutes to achieve the stable dispersion of mostly single or bi-layer m-RGO in wide 
range of solvent media. 
 
5.2.3 Fabrication of Mercapto Reduced Graphene Oxide (m-RGO) Langmuir-
Blodgett (LB) Film 
The mercapto reduced graphene oxides (m-RGOs) LB films have been 
fabricated using m-RGOs dispersion in absolute ethanol.  The m-RGOs supernatant 
solution was obtained after centrifugation at 6000 rpm for 10 minutes to remove un-
exfoliated m-RGOs.  This dispersion was dropped on top of the deionized water 
surface in a glass petri dish.  The m-RGO sheets are invisible with a couple of drops 
of m-RGOs suspension but very thin m-RGOs Langmuir film could be visible on top of 
the water surface in the petri dish after adding about 0.3 mL of m-RGOs dispersion.  
The mercapto reduced graphene oxides (m-RGOs) Langmuir film on the surface of 
water in the petri dish gradually spreads out with addition of the m-RGOs suspension 
and eventually, entire water surface is covered by m-RGOs thin film.  In order to 
fabricate transparent conducting m-RGOs thin films on various substrates, the m-
RGOs thin film on the surface of water could be transferred to various substrates by 
scooping the m-RGOs Langmuir film on water with the substrates.  Hereafter, this 
method is called “scooping method”.  Another method to fabricate m-RGOs LB film is 
to place the substrate in the glass petri dish with several holes on the bottom and to 
put the petri into larger petri dish.  The larger petri dish was filled with deionized 
water 80% full and then m-RGOs dispersion was added to the surface of the water.  
Once the m-RGOs Langmuir film forms the water in the larger petri dish was slowly 
removed by pipette until the m-RGOs thin film on the water stands on the substrate 
and the m-RGOs LB film was dried at atmosphere condition.  This method is called 
“water draining method”. 
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5.2.4 Materials Characterization 
X-ray photoelectron spectroscopic (XPS) measurements were carried out 
using a VG-220IXL spectrometer with a monochromated Al Kα radiation (1486.6 eV, 
line width 0.8 eV).  The pressure in the analysis chamber was about 10-9 torr while 
recording the spectra.  The spectrometer has an energy resolution of 0.4 eV.  All the 
binding energies were corrected with reference to C(1s) at 284.6 eV.  Deconvolution 
of the spectrum was done using the CASA software with the accuracy of 0.2 eV.  
Shirley background was used for the deconvolution.  For the high-resolution C1s XPS 
spectrum was deconvoluted into the following three components: C–C (sp2- and sp3-
hybridized peaks at 284.7 and 285.4 eV, respectively),37 C═O (carbonyl peak at 
287.6 eV),173 and C–O (hydroxyl peak at 286.5 eV).104  Carbon atoms with the C–S 
bond were not separately treated because the C1s binding energy of C–S (285.3 
eV)105 is too close to that of C–C (sp3-hybridization) and thus could not be resolved, 
given the resolution of the XPS instrument (0.4 eV).  The high-resolution O1s XPS 
spectrum was presented with the following oxygen functional groups: C═O (531.7 
eV)106, 149 and C-OH (533 eV).60a  The high-resolution S2p XPS spectrum was 
deconvoluted with thiol (S2p3/2 at 164.0 eV with FWHM of 1.2 eV; S2p1/2 at 165.2 eV 
with FWHM of 1.2 eV).108  The area ratio and splitting energy difference between 
S2p3/2 and S2p1/2 spin-orbit doublet peaks were 2:1 and 1.2 eV, respectively.  
The transmittance curves of m-RGO LB films were acquired on a UV-Vis 
spectrometer Lambda 650 S (Perkin-Elmer).  Surface topography images were 
obtained using atomic force microscope (AFM) (Pico-Plus AFM, Molecular imaging, 
Agilent technologies) and profilometry.  The profilometry is a Zescope non-contact 
white light optical profilometer from Zygo.  The data were acquired and processed 
using the software ZeMaps.  All AFM studies were performed in air using a tapping 
mode with SCANASYST-AIR tips (Bruker).  The m-RGO suspension in 200-proof 
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ethanol obtained after ultrasonication for 40 minutes and subsequently centrifuged 
at 6000 rpm for 10 minutes was used for fabrication of m-RGOs LB films on freshly 
cleaved mica.  The images were collected at a scan rate of 1.0 Hz in air.   
The Confocal Raman Microscope by WITec (Germany) is based on an 
Alpha300 WITec microscope, equipped with EC-EPIPlan 20x (NA 0.4), 40x (NA 0.8), 
and 100x (NA 1.25) microscope objectives (Zeiss GmbH, Germany).  The sample is 
mounted on a piezoelectrically driven XY scan stage (PI-P527, Physik Instruments, 
Germany).  Adjustments of the sample on the vertical axis (Z-direction) are 
performed by using the Alpha300 microscope built-in scan stage.  Sample excitation 
is provided by a 532 nm CW solid-state laser (Excelsior 532-60, Spectra Physics-
Newport Corporation).  The laser is coupled to an optical fiber, and then directed into 
the back entrance of the microscope body and focused on the sample by selecting 
the appropriate microscope objective (generally 40x, NA 0.8, or 100x NA 1.25, for 
Raman applications).  The signal from the sample is collected through the same 
objective and directed toward a mirror-based spectrograph (Acton SP2300, Princeton 
Instruments, USA).  The spectrometer is equipped with two gratings: one with 600 
grooves/mm, centered at 595 nm on the CCD chip, and covering a spectral range of 
>3600 cm-1, and a second one with 1800 grooves/mm, centered at 548 nm on the 
CCD chip, and covering a spectral range of >1100 cm-1.  The spectrograph is 
connected to a DV401A-BV CCD camera (Andor Technology), with an imaging area of 
26.6× 3.3 mm2, covered by 1024× 127 pixels with a size of 26×26 μm2 each.  To 
minimize electronic noise, the camera is cooled at -60 °C during operation.  The 
spectrally resolved signal from the spectrograph is imaged onto the CCD sensor to 
record a full Raman spectrum.  Control of the instrument and data recording are 
achieved through the WITec Control software (v. 1.58, WITec GmH, Germany) 
provided with the instrument.   
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After m-RGOs film was deposited on to 1 cmx1 cm glass substrate, drops of 
sliver paint (2SPI Supplies / Structure Probe, Inc.) was applied at four corners of the 
sample forming dots of diameter ~1.5 mm.  After drying of the silver paint in 
ambient, the sample was then loaded into a four-point probe, with four springs 
loaded pogo-pins pressed firmly onto the silver paint contact dots.  The sheet 
resistance was then measured with the standard Van der Pauw scheme; a current (I) 
was sourced between the two contact dot long one side of the sample, and the 
voltage (V) measured across the contacts on the opposite side.  The sample sheet 
resistance (R□) can be obtained as R□=4.53V/I.
174 Note that the current source used 
(Keithley 6221) has output impedance of ~1014 that is well suited for my 
measurement.  The temperature was changed by slowly lowering the dipping probe 
into a dewar of liquid He, and temperature was measured using a calibrated silicon 
diode sensor; both sample and diode sensor are in good thermal contact with the 
two faces of a thin block of copper.   
The Nano-Secondary Ion Mass Spectrometry (NanoSIMS) measurements 
were done using a Cs+ primary ion beam with the Cameca Ametek NanoSIMS50L at 
Arizona State University.  The beam current at the sample was lowered to ~0.48 pA 
by choosing a small diaphragm to get a much desired fine beam and high enough 
count rates for imaging of the sample.  Negative secondary ions of 12C, 16O, 32S and 
32S16O were measured simultaneously using electron multipliers in the multicollection 
mode.  Sufficient mass resolving power (MRP) to separate out mass interferences, 
e.g., 32S from 31P1H (MRP > 4000), was maintained by choosing an appropriate 
entrance slit.  Typical measurement condition varied from 10×10 μm2 to 25×25 μm2 
analysis areas and 10-15 layers.  Each area was divided into 2562 pixels with dwell 
times of 40 msec/pixel.  The ion images from multiple layers were corrected for 
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beam drifts using the WinImage software and the last 8-12 layers were added to 
form summed ion images. 
 
5.3 Results and Discussions 
 The schematic illustration of m-RGOs LB film fabrication procedure (scooping 
method) is depicted in Figure 40.  The m-RGOs LB film can be fabricated by either 
scooping method or water draining method but Figure 40 only illustrates the 
scooping method.  Initially, when m-RGOs dispersion is added to the surface of water 
one drop at a time, m-RGO sheets freely move around on the water surface and it is 
very difficult to recognize them due to its very thin and small sheets.  After about 0.5 
mL of m-RGOs dispersion is dropped on the water surface, m-RGO sheets are visible 
clearly and a part of the water surface is covered by m-RGOs thin film. 
Figure 40.  Schematic illustration of m-RGOs LB film fabrication procedure and 
photographs of m-RGOs dispersion in ethanol and m-RGOs Langmuir film on the 
surface of water. 
The size of m-RGOs Langmuir film gradually increases by adding more m-RGOs 
dispersion in ethanol.  Once m-RGOs thin film is clearly seen with bare eyes, the 
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average thickness of m-RGOs Langmuir film becomes around 5 or 6 nm thick.  When 
m-RGOs Langmuir film covers the entire water surface, the m-RGOs thin film can be 
easily transferred to any kinds of substrate such as glass, mica, or Au.  Although not 
shown here, m-RGOs LB film could be fabricated with m-RGOs dispersed in other 
organic solvents such as DMF, DMSO, or NMP.   
XPS survey scan, high-resolution C1s, O1s, and S2p spectra of as-synthesized 
m-RGOs were represented in Figure 41.  After synthesis of m-RGOs, the elemental 
analysis was carried out by using X-ray photoelectron spectroscopy (XPS).  The 
estimated C:O:S atomic ratio of m-RGOs from XPS wide scan shown in Figure 
41(a) was 13:1:0.9, and the XPS survey scan indicates that all byproducts and 
unreacted P4S10 were completely removed.  The high-resolution C1s XPS spectrum 
implies that the sp2-carbon species in m-RGO are significantly restored.  C–S binding 
energy (285.3 eV)155 is very close to the binding energy of sp3-hybridized carbon 
species and the binding energy difference between them is less than the resolution 
limit (0.4 eV) of the XPS and thus C‒S bond was not resolved.  There is no doubt 
that m-RGO was reduced during the synthesis according to not only atomic ratios of 
m-RGO but also the high-resolution C1s XPS.  Both high-resolution C1s and O1s XPS 
spectra show that the obtained m-RGO still contains some oxygen functional groups 
such as hydroxyl and carbonyl groups.  The as-synthesized m-RGO contains only 
thiol functional group confirmed by high-resolution S2p XPS spectrum shown in 
Figure 41(d).  The high-resolution S2p XPS spectrum shows two distinct peaks due 
to spin-orbit coupling effect. 
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Figure 41.  XPS spectra of m-RGO: (a) wide scan, (b) high-resolution C1s, (c) high-
resolution O1s, and (d) high-resolution S2p. 
Transmittance and sheet resistance of m-RGOs LB film were studied to 
examine the optical and electrical properties of the films as well as how significantly 
sulfur functional groups affect to the sheet resistance of the film.  Figure 42 shows 
transmittance curve of m-RGO LB film and sheet resistance and the corresponding 
digital camera photograph is represented in Figure 43.  In the m-RGOs LB film 
photograph, silver paste was applied at each corner of the film for electrical 
conductivity measurement.  The m-RGOs LB film on slide glass (1× 1 cm2) is highly 
transparent and m-RGO sheets are homogeneously distributed on the glass substrate 
macroscopically.  The m-RGOs LB films show a flat optical transmittance profile in 
visible light and near infrared region.  The transparency of m-RGOs LB films was 
determined at 550 nm wavelength incident light, and the transmittance of m-RGOs 
LB films was 92% and 91%, respectively.  The average number of 92% and 91% 
transmittance m-RGO sheets on each film is around 4 layers because each layer of 
graphene can reduce the transmittance of about 2.3%.13  The optical property of m-
RGOs is almost all the same as graphene, which is reported in Chapter 4.  Although 
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not shown here, the thickness of m-RGOs film could be easily controlled by changing 
the concentration of m-RGOs dispersion.  The sheet resistance of the corresponding 
m-RGOs LB film on the slide glass was measured by Van der Pauw four-probe 
method.  Although the transparency of m-RGOs LB film is almost all the same with 
each other, the sheet resistance of m-RGOs LB films with different content of sulfur 
is very different.  The mercapto reduced graphene oxides (m-RGOs) LB film with 
higher sulfur content and lower sulfur content show the sheet resistance of 500 
kΩ/sq and 1.3 MΩ/sq at room temperature, respectively.  This result indicates that 
sulfur functional group can significantly improve the electrical conductivity.  This 
might happen probably because the orbital overlap between sulfur 3s and 3p with π-
orbitals in the graphene sheets improve the electrical conductivity.  The sheet 
resistance of reduced graphene oxides (RGOs) thin film is highly depending on the 
physical contact of each graphene sheet to the substrate175 because the sheet 
resistance of slightly thicker m-RGOs film might be significantly reduced as well.  
Additional heat treatment can improve the electrical conductivity of reduced 
graphene oxide film dramatically.169a  Therefore, the sheet resistance of m-RGOs LB 
film may be further decreased.   
Figure 42.  Transmittance of m-RGOs LB films on slide glass (left) and the 
corresponding sheet resistance of m-RGOs LB film (right). 
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Figure 43.  Digital camera photograph of plain glass (left), 92% optical transparent 
m-RGOs LB film (middle), and 91% optical transparent m-RGOs LB film (right).   
In order to study the general morphology, thickness, and root mean square 
(RMS) roughness of m-RGOs thin film on water and on glass substrate, profilometry 
was employed.  The 1.7× 1.7 mm2 scanned profilometry images of m-RGOs Langmuir 
film and m-RGOs LB film are shown in Figure 44, respectively.  Both m-RGOs 
Langmuir film and LB film show around 1 nm RMS roughness, which indicates the 
surface of both films on water and glass substrate is very smooth.  It is noted that 
there are some thicker areas on both m-RGO thin films due to the presence of re-
stacked, folded, or wrinkled m-RGO sheets.  The thickness of both m-RGOs thin films 
on water and glass substrate is around 6 nm.  According to the profilometry images 
of m-RGOs Langmuir and m-RGOs LB films, both m-RGOs sheets are well physically 
contacted together on the surface of water and glass substrate. 
Figure 44.  Profilometry images of m-RGOs Langmuir film on water (left) and m-
RGOs LB film on glass substrate by scooping method (right). 
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In order to study the morphology of m-RGOs LB film microscopically, atomic 
force microscope (AFM) was carried out.  The AFM images of m-RGOs LB film are 
represented in Figure 45.  The mercapto reduced graphene oxides (m-RGOs) thin 
film on mica was fabricated by water draining method.  Almost all m-RGO sheets are 
well exfoliated and distributed on the mica substrate.  According to the AFM image of 
the m-RGOs thin film, each m-RGO sheet is wrinkled and folded, which is a general 
behavior of reduced graphene oxides LB film.176  Some m-RGO sheets stacked 
together are observed as well.  The thickness of m-RGOs is about 1 nm, which 
indicates m-RGO sheets are completely exfoliated.165  The height profile shows some 
spikes and higher than 1 nm thickness; those are ascribed to wrinkle, fold, and/or 
stacking m-RGO sheets.   
Figure 45.  AFM height (left) and amplitude (right) image of m-RGOs LB film on 
mica and corresponding height profile (bottom left). 
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Raman spectroscopy is a useful technique for carbonaceous materials.  For 
this particular work, D (around 1350 cm-1) and G (around 1580 cm-1) bands region 
become the focus of the study.  Raman spectrum directly indicates a degree of 
deficiency of lattice on graphene sheets by comparison between D and G band 
intensity.  Generally, graphene oxides show high ID/IG ratio (typically higher than 1) 
due to the presence of various oxygen functional groups both on the basal plane and 
at edge, as well as many defects generated during oxidation process.177  Figure 46 
shows an optical image of m-RGOs thin films on slide glass substrate, Raman 
mapping image in the range from 1300 to 1600 cm-1 from the red box area, and 
averaged Raman spectrum of Raman mapping image.  The m-RGOs thin film was 
fabricated on slide glass substrate by water draining method.  The bright field image 
of m-RGOs film clearly shows m-RGOs film and glass area and m-RGO sheets are 
densely packed together.  The Raman mapping image was obtained from the area in 
the red box of bright field image, and the intensity of the Raman mapping depends 
on the intensity of D (~ 1350 cm-1) and G (~1580 cm-1) band.  The Raman mapping 
shows that m-RGO sheets are well distributed on the slide glass substrate.  There 
are some brighter areas because of the presence of the different thickness of m-
RGOs thin films.  The ID/IG ratio of reduced graphene oxides, however, decrease 
(typically lower than 1) because of restoration of sp2-hybridized carbon species 
during reduction process.177  The Raman spectrum was obtained by averaging D and 
G band intensity out in the Raman mapping and the ID/IG ratio is around 1 which 
implies that m-RGO sheets contain many sp3-hybridized carbon species and 
deficiency of lattice on the m-RGOs thin film due to the replacement of oxygen atoms 
in graphene oxide by sulfur atoms and defects produced during synthesis of m-
RGOs.   
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Figure 46.  Confocal Raman spectroscopy of m-RGOs LB film.  Bright field image of 
m-RGOs film (top left), Raman mapping in the range from 1300 to 1600 cm-1(top 
right) from red box area of bright field image, and averaged Raman spectrum of 
Raman mapping (bottom left). 
The NanoSIMS was used to investigate the distribution of carbon, oxygen, 
and sulfur on the m-RGOs LB film.  NanoSIMS is a new generation double-focusing 
mass spectrometer,178 which is characterized by high spatial resolution (up to 50 nm 
using the Cs+ primary beam and ~200 nm with the O- beam) necessary to 
investigate the films fabricated in this study.  The last 5-12 layers were added to 
form summed ion images shown in Figure 47.  The summed up images depicted in 
Figure 47 shows clearly the distribution of oxygen and sulfur functional groups on 
the surface of the m-RGOs LB film.  With the lateral resolution of about 50 nm, 
individual element could not be resolved.  However, one can see the spatially 
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correlated O and S-rich hotspots (indicated by the red arrows in Figure 47) probably 
pertaining to several films adhering to each other.   
Figure 47.  Ion images of 12C-, 16O-, and 32S- as well as secondary electron image of 
a 25x 25 um2 area on a m-RGO LB film on an Au substrate using Nano-Secondary 
Ion Mass Spectrometry (NanoSIMS). 
 
5.4 Concluding Remarks 
 It has been successfully demonstrated that a facile fabrication of transparent 
conducting m-RGOs Langmuir-Blodgett film on various substrates such as glass, 
mica, and Au without any specific instrumentation.  The as-synthesized m-RGOs 
contain high density of thiol functional group and the thiol functional group could 
alter the surface property of the reduced graphene oxides.  The sheet resistance of 
m-RGOs LB film can be dramatically reduced with higher sulfur content of the m-
RGOs LB film, which may be ascribed to overlapping sulfur 3s and 3p orbitals with π-
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orbitals in graphene sheets.  Nano-SIMS elemental analysis reveals that thiol 
functional groups are well distributed on m-RGOs LB film.  The thiol functional 
groups are present on the surface of the fabricated m-RGOs film, thus the thiol 
functional group present on the surface of the m-RGOs thin film might be utilized for 
further applications such as fabrication of a robust Au film on plastic substrate and 
biomolecule sensor utilizing thiol as a cross-linker.  Additionally, this simple and 
powerful a new fabrication of thin film method may facilitate the uses of graphene 
film to various applications.   
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CHAPTER 6 
DEPOSITION OF MERCAPTO REDUCED GRAPHENE OXIDE ON GOLD ELECTRODE 
6.1 Introduction 
Various substrates have been used for fabrication of graphene oxides (GOs), 
reduced graphene oxides (RGOs) films through several different methods such as 
drop-casting,163 spin-coating,160 vacuum filtration,28d or Langmuir-Blodgett (LB) 
technique.175  Among various substrates, Au substrate has been used for various 
purposes.  However, there is no report of fabrication of graphene oxides (GOs) or 
reduced graphene oxides (RGOs) film on gold substrate.  This is because although 
GOs or RGOs film might be fabricated on the Au substrate, the GOs or RGOs films 
could easily be peeled off from the surface of Au substrate due to inertness of the 
gold surface.  The Au surface shows a very good affinity with soft-bases and thiol is 
one of the soft-bases.  Therefore, deposition of organosulfur molecules to the Au 
substrate has been intensively carried out.  In my previous work, thiol-functionalized 
reduced graphene oxides (m-RGOs) have been successfully synthesized via two 
different methods described in Chapter 3 and Chapter 4, respectively.  Inspired by 
self-assembled monolayers (SAMs) of organosulfur molecules on the Au substrate, 
m-RGO sheets may be easily deposited on Au substrate because of the presence of 
high density of thiols on the graphene matrix.   
Self-assembled monolayers (SAMs) typically refer to the spontaneous 
formation of nanometer-sized mono-molecular thin film by chemisorption and self-
organization on the surface of appropriate substrates.179  Each molecule that 
composes the building blocks of the SAMs on a substrate can be divided into three 
different parts, namely: 1) the head group (linking group), 2) the backbone (main 
chain), and 3) the specific terminal group (active group).  The head group provides 
self-assembly process on the surface of the substrate.  The interactions among 
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backbone hydrocarbon chains make an efficient packing of the monolayer and 
stabilize the structures with increasing chain length due to increasing intermolecular 
forces.  The terminal group determines specific properties of the surface and could 
also be used to anchor additional molecules by van der Waals interactions or 
covalent bonds.180   
Ever since Nuzzo and Allara discovered the preparation and characterization 
of SAMs on gold at the beginning of the 1980s,181 thiols and dithiols on gold have 
been extensively studied with various existing surface science techniques.  Among 
various organic molecules for SAMs on gold substrate, long-chain n-alkanethiols182 
and their substituted analogues183 have been the most widely investigated.  In all 
cases, removing organic residue adsorbed on the surfaces is required to self-
assemble the thiol monolayer.  Changing the functional group of the other end in n-
alkanethiols could be enough to alter the physical and chemical properties of the 
layers.  Dithiols can be regarded as thiol-terminated n-alkanethiols, and are very 
important to bind metallic ions and nanoparticles to the SAMs.184  As a result of the 
intensive research of SAMs, it in turn is found to have plenty of applications such as 
in nanofabrication,185 nanoelectronics,186 biological screening,187 and analytical 
chemistry.188  Other important application of SAMs is in the field of material 
protection, where they are used as thin film for corrosion prevention.189  Especially, 
thiol SAMs also have been used to synthesize gold nanoparticles; it stabilizes the 
nanostructures against aggregation190 and controls the cluster size by changing the 
hydrocarbon chain length.191   
With regard to the stability of thiol SAMs on gold against oxidation and 
thermal desorption of sulfur head group organic molecules adsorbed on gold 
surfaces, this is an important issue with practical applications. Therefore, 
improvement of the oxidation resistance of thiol SAMs becomes crucial for their use 
  95 
in ambient conditions.  The poor thermal stability of SAMs, which are stable only up 
to 70 °C, provides some restrictions to their applications.182  The poor thermal 
stability of thiol SAMs could be ascribed that Au–S chemical bond (a thiolate bond, 
50 kcal/mol)137 is not strong enough to stand higher than 70 °C.  Recently, penta-
corannulene (tert-butylthio or 4-dimethylaminophenylthio) chemisorbed on gold 
substrate was reported.192  These organic molecules on gold substrate remain bound 
to the surface through Au–S bonds even higher than 167 °C.  This work implies that 
a molecule that has more thiol functional group can improve the thermal stability of 
SAMs on Au.  Although the thermal stability of SAMs on Au was improved, it still 
provides limited application due to poor electrical conductivity.  Therefore, it is 
urgent to fabricate good electrically conductive SAMs on Au.   
Since graphene was successfully isolated from graphite in 2004, the graphene 
has been intensively investigated because of extraordinary electrical properties.5  
Much research has been carried out to understand the nature of graphene at the 
beginning.  These days, however, more research has been focused on modifying the 
surface of graphene in order to alter the physical and chemical properties.193  Among 
various methods,194 graphene oxide (GO) produced by solution process is the most 
popular for modifying the surface of graphene due to the presence of various oxygen 
functional groups.  In Chapter 4, modification of the surface of graphene oxides 
utilizing a Berzelious reagent (P4S10) via solvothermal reaction route was shown to 
produce thiol-functionalized reduced graphene oxides (mercapto reduced graphene 
oxides (m-RGOs)).  Herein, the deposition of m-RGOs on Au electrode in the same 
fashion of self-assembled monolayers (SAMs) of n-alkanethiol on Au electrode is 
reported in this study for the first time.  The mercapto reduced graphene oxides (m-
RGOs) chemisorbed on Au electrode may show a good thermal stability due to the 
presence of multiple thiols on the basal plane of graphene matrix.   
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6.2 Experimental Section 
6.2.1 Synthesis of Graphene Oxides (GOs) 
GOs were synthesized through a modified Hummers method by oxidation of 
natural graphite flake with strong oxidants.34  In a typical procedure, 1 g of natural 
graphite flake (Sigma-Aldrich) was ground with 5 g of NaCl (Alfa Aesar, 99+%) until 
the mixture becomes homogeneous by visual inspection.  NaCl from the mixture was 
then washed away using deionized water with vacuum filtration.  The ground 
graphite on the filter paper was dried at 110 °C in a lab oven for 2 h to remove all 
physisorbed water in the ground graphite.  0.765 g of NaNO3 (Sigma-Aldrich, ≥ 
99.0%) was first dissolved in 40 mL of concentrated H2SO4 (Sigma-Aldrich, ACS 
reagent, 95 ~ 98%) in a 400 mL of beaker with stirring for 20 minutes.  About 1 g of 
the dried ground graphite was then added to the beaker with keep stirring.  
Subsequently, the beaker was placed in an ice bath and then 5 g of KMnO4 (Sigma-
Aldrich, ≥ 99.0%) was slowly added to the beaker while the temperature was kept 
below 10 °C.  Afterward, the beaker was removed from the ice bath.  The mixture in 
the beaker was then heated around 40 °C with vigorously stirring until it became 
pink thick paste.  100 mL of deionized water was added to the beaker and then 20 
mL of H2O2 (Alfa Aesar, ACS reagent, 29 ~ 32%) was slow added to the suspension 
subsequently to finish the reaction.  After the reaction, the color of the suspension 
became bright yellow.  The suspension was then repeatedly centrifuged and the 
precipitate was washed with diluted HCl until BaCl2 (Anhydrous purified, J.T. Baker 
chemical Co.) test shows a negative result. 
 
6.2.2 Synthesis of Mercapto Reduced Graphene Oxides (m-RGOs) 
The purified GOs in water (pH ~ 4) were mixed with 1 M NaOH aqueous 
solution to obtain agglomerated GOs.  The agglomerated GOs in water was 
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centrifuged at 4000 rpm for 3 minutes and then decanted to remove clear 
supernatant solution.  This was repeated until the pH of the supernatant solution 
reached around 9.  The pH adjusted GOs sludge was rinsed with around 100 mL of 
pyridine with vacuum filtration to wash away physisorbed water in GOs sludge.  The 
pyridine rinsed GOs sludge was transferred to a fresh pyridine and sonicated for 20 
minutes to obtain exfoliated GOs in the pyridine for the sulfidation reaction.  For the 
synthesis of m-RGOs via solvothermal reaction route, phosphorus decasulfide (P4S10, 
Sigma-Aldrich, 99%) has been used as a thionating reagent.  To get control over the 
amount of sulfur incorporation in graphitic network, the amount of the phosphorus 
decasulfide (P4S10, sulfur precursor) as well as the reaction temperature were varied.  
Hereafter, all m-RGOs samples, unless otherwise stated, were synthesized by using 
10% excess with respect to stoichiometric amount of P4S10.  In a typical solvothermal 
reaction, 220 mg of P4S10 (10% excess with respect to stoichiometric amount of 
P4S10) was added to 200 mg of GOs in 13 mL of pyridine in a Teflon-lined autoclave 
of capacity of 23 mL.  It was then placed in an oven pre-heated at 120, 150 and 180 
°C for 15 hours.  After the reaction, the solid product was collected via vacuum 
filtration and it was washed several times with deionized water and ethanol to 
remove all the unreacted P4S10 and by products.  The mercapto reduced graphene 
oxides (m-RGOs) in water were freeze-dried for further characterization.  This final 
product could be easily dispersed in various solvents such as H2O, DMF, DMSO, and 
NMP etc. by sonication for 30 minutes to achieve the stable dispersion of mostly 
single or bi-layer m-RGO in wide range of solvent media. 
 
6.2.3 Depositions of m-RGOs on Au Substrate 
The as-synthesized m-RGOs was dispersed in absolute ethanol by sonication 
for about 30 minutes and then the m-RGOs dispersion was centrifuged at 6000 rpm 
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for 10 minutes to remove unexfoliated m-RGOs.  After the centrifugation, the only 
supernatant solution was carefully transferred to eppendorf tube for further 
experiment.  The purchased Au film (Agilent Technology) that forms with (111) 
orientation on the (001) cleavage planes of mica was used for all experiments.  The 
Au substrate was annealed using H2 flame for about 30 seconds to remove organic 
residue adsorbed on the surface of the Au and increase (111) domain size of the Au 
right before the uses.  The annealed Au substrate was immersed in the eppendorf 
tube that is filled with m-RGOs dispersion 50% full.  Subsequently, the eppendorf 
tube was placed in a pre-heated dry oven at 60 °C and incubated for 10 hours.  After 
the incubation, the Au substrate was taken out and rinsed with absolute ethanol 
thoroughly to remove m-RGOs unbound to Au substrate and dried at ambient 
condition for further characterization.   
 
6.2.4 Materials Characterization 
X-ray photoelectron spectroscopic (XPS) measurements were carried out 
using a VG-220IXL spectrometer with a monochromated Al Kα radiation (1486.6 eV, 
line width 0.8 eV).  The pressure in the analysis chamber was about 10-9 torr while 
recording the spectra.  The spectrometer has an energy resolution of 0.4 eV.  All the 
binding energies were corrected with reference to C1s at 284.6 eV.  Deconvolution of 
the spectrum was done using the CASA software with the accuracy of 0.2 eV.  
Shirley background was used for the deconvolution.  For the high-resolution C1s XPS 
spectrum was deconvoluted into the following three components: C–C (sp2- and sp3-
hybridized peaks at 284.7 and 285.4 eV, respectively),37 C=O (carbonyl peak at 
287.6 eV),173 and C–O (hydroxyl peak at 286.5 eV).104  Carbon atoms with the C–S 
bond were not separately treated because the C1s binding energy of C–S (285.3 
eV)105 is too close to that of C–C (sp3-hybridization) and thus could not be resolved, 
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given the resolution of the XPS instrument (0.4 eV).  The high-resolution O1s XPS 
spectrum was presented with the following oxygen functional groups: C═O (531.7 
eV)106, 149 and C–OH (533 eV).60a  The high-resolution S2p XPS spectrum was 
deconvoluted with thiol (S2p3/2 at 164.0 eV with FWHM of 1.2 eV; S2p1/2 at 165.2 eV 
with FWHM of 1.2 eV).108  The area ratio and splitting energy difference between 
S2p3/2 and S2p1/2 spin-orbit doublet peaks were 2:1 and 1.2 eV, respectively.   
Surface topography images were obtained using atomic force microscope 
(AFM) (Pico-Plus AFM, Molecular imaging, Agilent technologies).  All AFM studies 
were performed in air using a tapping mode with SCANASYST-AIR tips (Bruker).  
Electrochemical measurements were implemented with a CHI760C electrochemical 
analyzer in 1 M KCl in a three-electrode cell.  Platinum wire was used as a counter 
electrode and saturated calomel electrode (SCE) was used for the reference 
electrode.  The scan rate was 100 mV/s.   
The Nano-Secondary Ion Mass Spectrometry (NanoSIMS) measurements 
were done using a Cs+ primary ion beam with the Cameca Ametek NanoSIMS50L at 
Arizona State University.  The beam current at the sample was lowered to ~0.48 pA 
by choosing a small diaphragm to get much desired fine beam and high enough 
count rates for imaging of the sample.  Negative secondary ions of 12C, 16O,and 32S 
were measured simultaneously using electron multipliers in the multicollection mode.  
Sufficient mass resolving power (MRP) to separate out mass interferences, e.g., 32S 
from 31P1H (MRP > 4000), was maintained by choosing an appropriate entrance slit.  
Typical measurement condition varied from 10×10 μm2 to 25×25 μm2 analysis 
areas.  Each area was divided into 2562 pixels with dwell times of 40 msec/pixel.  
The ion images from multiple layers were corrected for beam drifts using the 
WinImage software and the last 8-12 layers were added to form summed ion 
images. 
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6.3 Results and Discussions 
 General schematic illustration of deposition of m-RGOs on Au substrate is 
shown in Figure 48.  The annealed with H2-flame gold substrate was immersed in 
an eppendorf tube that is filled with m-RGOs dispersion in absolute ethanol 50% full.  
Subsequently, the eppendorf tube was placed in a pre-heated dry oven at 60 °C and 
incubated for 10 hours.  During incubation, m-RGOs will spontaneously bind to the 
surface of the gold substrate by a strong gold-sulfur interaction.  Elevated 
temperature could facilitate the formation of Au–S bond.180a  After the incubation, 
the Au substrate was taken out from the eppendorf tube and rinsed it with absolute 
ethanol thoroughly and dried at ambient condition to obtain m-RGO sheets deposited 
on the surface of Au substrate.   
Figure 48.  Schematic illustration of deposition of m-RGOs on gold substrate. 
 The elemental analysis of the as-synthesized m-RGOs was carried out with X-
ray photoelectron spectroscopy (XPS) and the XPS spectra of m-RGOs were 
represented in Figure 49.  According to the XPS wide scan of m-RGOs depicted in 
Figure 49(a), the XPS spectrum of m-RGOs only shows carbon, oxygen, and sulfur 
elements, which indicates all unreacted P4S10 and by-products were completely 
removed and the C:O:S atomic ratio is around 13:1:0.9.  The high-resolution XPS 
C1s spectrum shown in Figure 49(b) indicates that m-RGOs were reduced during 
the synthesis and sp2-hybridized carbon species were significantly restored.  Many 
oxygen functional groups are also removed during the reaction in comparison with 
the high-resolution XPS C1s spectrum of GOs although not shown here.  The high-
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resolution XPS O1s spectrum of the m-RGOs represented in Figure 49(c) indicates 
that hydroxyl and carbonyl functional groups are only left on the m-RGOs, which is 
consistent with the high-resolution XPS C1s spectrum shown in Figure 49(b).  
Figure 49(d) shows the high-resolution XPS S2p spectrum of m-RGOs and the 
spectrum reveals that all sulfur functional groups are thiol in m-RGOs.  In the Figure 
49(d), the large FWHM XPS S2p spectrum is deconvoluted into two peaks, S2p2/3 
and S2p1/2, due to the spin-orbit coupling.  The splitting energy between 
deconvoluted S2p2/3 peak and S2p1/2 peak is 1.2 eV and the area ratio is 2:1.   
Figure 49.  XPS spectra of m-RGO: (a) wide scan, (b) high-resolution C1s, (c) high-
resolution O1s, and (d) high-resolution S2p. 
Atomic force microscope (AFM) images of (111) fresh gold surface and m-
RGOs deposited on the gold surface are shown in Figure 50 and Figure 51, 
respectively.  The entire surface of the Au substrate is not atomically flat but the 
surface of each (111) Au island is flat.  After the deposition of m-RGOs on the Au 
substrate, the whole surface of the Au is covered by m-RGO sheets and the average 
size of each sheet is around 60 nm.  The m-RGO sheets deposited on the surface of 
Au are well distributed.  According to the previous report, thermal desorption of n-
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alkanethiol bound to the surface of gold occurs around 70 °C182 but thermal 
desorption of m-RGOs during incubation process could not happen on the gold 
substrate.  This result may imply that each m-RGO sheet comprises multiple thiol 
functional groups, which provides stronger binding between m-RGO sheets and the 
surface of the gold.  This result is consistent with a recent work.192  Interestingly, 
although the m-RGOs dispersion in ethanol contains a lot of large sheets (~ 1 μm) 
only small sized m-RGO sheets (~ 60 nm) are deposited on the surface of the gold 
and there are no larger sized m-RGO sheets (larger than 100 nm) observed on the 
surface of Au.  This result may imply that larger sized m-RGO sheets may have 
higher kinetic momentum than that of small sized m-RGO sheets.  Thus, larger sized 
m-RGO sheets could rebind from the surface of the gold.  The small sized m-RGOs 
sheets, however, may have lower kinetic momentum and those may well bind to the 
surface of the Au.   
Figure 50.  AFM images of bare gold: 10×10 μm2 scanned area (top left) and 4× 4 
μm2 scanned area (top right).   
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Figure 51.  AFM images of m-RGO deposited on gold: 10×10 μm2 scanned area (top 
left), 5×5 μm2 scanned area (top right), 1.3×1.1 μm2 scanned area (bottom left) and 
corresponding height profile of the 1.3×1.1 μm2 scanned area (bottom right). 
 The NanoSIMS was carried out to investigate the distribution of carbon, 
oxygen, and sulfur on the m-RGO sheets deposited on Au substrate and compare 
with bare Au substrate.  NanoSIMS is a new generation double-focusing mass 
spectrometer,178 which is characterized by high spatial resolution (up to 50 nm using 
the Cs+ primary beam and ~200 nm with the O- beam) necessary to study the m-
RGO sheets deposited on the Au substrate in this study.  The carbon, oxygen, and 
sulfur ion images as well as secondary electron images of bare Au are shown in 
Figure 52.  Although carbon and oxygen ions were detected from bare gold 
substrate, sulfur ion was not detected at all.  Carbon and oxygen ions may come 
from hydrocarbons or organic molecules adsorbed on the surface of Au substrate.  A 
couple of big islands from the secondary electron image shown in Figure 52 may be 
aggregated gold clusters generated during H2-flame annealing process.  In order to 
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obtain carbon, oxygen, and sulfur ions images of m-RGOs deposited on the Au 
substrate, the sputtered 5 nm thick carbon film was coated on top of the m-RGO 
sheets deposited on the Au substrate to protect very thin m-RGO sheets during pre-
sputtering process.  The last 5-8 layers were added to form summed ion images 
shown in Figure 53.  The summed up images depicted in Figure 53 clearly shows 
the distribution of oxygen and sulfur functional groups on the surface of the m-RGOs 
sheets deposited on the Au substrate, which is consistent with the AFM results.  The 
size of m-RGO sheets deposited on the Au substrate is very similar to the spatial 
resolution limit of NaonoSIMS thus the NanoSIMS may not resolve the m-RGO sheets.  
The relatively big islands on the Au substrate shown in Figure 53 may be gold 
cluster produced during H2-flame annealing process.  The edge of oxygen ion image 
is brighter than center area, which may be due to the beam damage.   
Figure 52.  Ion images of 12C-, 16O-, and 32S- as well as secondary electron image of 
a 25x25 um2 area on bare Au substrate using Nano-Secondary Ion Mass 
Spectrometry (NanoSIMS). 
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Figure 53.  Ion images of 12C-, 16O-, and 32S- as well as secondary electron image of 
a 10x10 um2 area on m-RGOs deposited on Au substrate using Nano-Secondary Ion 
Mass Spectrometry (NanoSIMS). 
 
6.4 Concluding Remarks 
It has been well demonstrated that as-synthesized m-RGOs were successfully 
deposited on the gold electrode in the same manner of self-assembled monolayers 
(SAMs) of n-alkanethiol on Au electrode after incubation at 60 °C.  During the 
incubation, small sized m-RGO sheets were bound to the surface of Au electrode 
without thermal desorption of m-RGO sheets from the surface of Au electrode.  This 
result may imply that thermal stability of m-RGOs deposited on gold could be better 
than SAMs of n-alkanethiol on gold due to the presence of multiple thiol functional 
groups on m-RGO sheet.  The atomic force microscope (AFM) images show that the 
nano-sized mercapto reduced graphene oxide sheets are well distributed on the 
surface of the gold electrode and the entire surface of the gold is covered by m-RGO 
sheets.  Additionally, oxygen and sulfur functional groups are homogeneously 
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distributed on the surface of the Au electrode.  This result may expand the field in 
SAMs on gold with organosulfur molecules.   
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CHAPTER 7 
CONCLUSIONS 
 It has been successfully demonstrated that the synthesis and characterization 
of thionated reduced graphene oxides (mercapto reduced graphene oxides (m-
RGOs)) and their thin films.  The two methods for the synthesis of m-RGOs and 
characterizations are presented in Chapter 3 and Chapter 4.  In Chapter 3, the 
synthesis of m-RGOs through solid-gas metathetical sulfidation reaction as well as 
characterization of m-RGOs were shown.  In Chapter 4, the synthesis of m-RGOs 
through solvothermal reaction route using a Berzelius reagent and characterization of 
m-RGOs were described.  Additionally, the fabrication and characterizations of m-
RGOs Langmuir Blodgett (LB) film and the deposition and characterizations of m-
RGOs sheets on Au electrode were elaborated in Chapter 5 and Chapter 6, 
respectively.   
The C:O:S atomic ratios of m-RGOs synthesized via solid-gas metathetical 
sulfidation reaction route are around 20:1:2.2 and the atomic ratios could be 
controlled by changing the reaction temperature.  As-synthesized m-RGOs show a 
good dispersibility in both water and various polar organic solvents such as ethanol, 
dimethylformamide (DMF), acetone, and propylene carbonate (PC).  The mercapto 
reduced graphene oxides contain thiol functional group as a dominant sulfur 
functional group and most of the thiol functional groups are chemically reactive to 
form disulfides.  Additionally, Tauc energy gap, which is also referred to optical band 
gap, of m-RGO is 0.03 eV.  Much lower Tauc energy gap of m-RGOs could be 
ascribed to the restoration of sp2-hybridized carbon species as well as overlapping 
sulfur 3p and 3s orbitals with π-orbitals in graphene sheets.   
 The mercapto reduced graphene oxides (m-RGOs) synthesized via 
solvothermal reaction route utilizing a Berzelius reagent (P4S10) show that thiol 
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functional group is a majority among various sulfur functional groups in m-RGOs and 
the C:O:S atomic ratios are about 13:1:1.  As-synthesized m-RGOs are highly 
reduced and the m-RGOs are not re-stacked together during the synthesis.  The 
atomic ratios of m-RGOs could be also controlled by the reaction temperature.  The 
attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectrum shows 
that sulfur functional groups directly attach to the carbon on graphene sheets.  
According to scanned transmission electron microscope (STEM) elemental mapping 
image, the oxygen and sulfur functional groups are homogeneously distributed on 
the graphene matrix.   
 The mercapto reduced graphene oxides (m-RGOs) Langmuir-Blodgett (LB) 
film and deposition of m-RGOs on Au electrode were successfully fabricated using m-
RGOs dispersed in absolute ethanol.  The mercapto reduced graphene oxides 
Langmuir film on top of the water surface in a container could be easily transferred 
to various substrates such as glass, mica, or gold.  The optical transparency at 550 
nm of the m-RGOs LB film is about 92%, which indicates 4 layers of m-RGO sheets 
deposited on the substrate and the sheet resistance of the m-RGOs LB film is 
approximately 500 kΩ/sq.  With similar optical transparency of m-RGOs LB films, 
more sulfur functional groups could significantly reduce the sheet resistance of the 
m-RGOs LB film.  The thickness of m-RGOs LB film could be controlled with different 
concentration of m-RGOs dispersion.  The mercapto reduced graphene oxides (m-
RGOs) LB film is macroscopically homogeneous on substrates.   
The deposition of m-RGOs on Au electrode was performed in the same fashion 
of self-assembled monolayers (SAMs) of organosulfur molecules.  The deposited m-
RGO sheets on Au electrode are well distributed and the size of m-RGO sheets is 
around 60 nm.  During the incubation process at 60 °C, thermal desorption of m-
RGO sheets from the surface of Au electrode was not observed.  The result may 
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indicate that larger sheets have higher kinetic momentum thus all larger sheets (> 
100 nm) are rebound from the surface of Au electrode.  Therefore, only small sized 
m-RGO sheets that have lower kinetic momentum well bind to the surface of Au 
electrode.  The thermal stability of m-RGOs on Au electrode could be better than that 
of SAMs of n-alkanethiols on Au electrode because each m-RGO sheet may contain 
multiple thiol functional groups.  The homogeneous distribution of oxygen and sulfur 
functional groups on the surface of Au electrode was shown from NanoSIMS 16O- and 
32S- ion images.   
 The two developed methods to produce m-RGOs may apply to any kind of 
carbonaceous materials or polymers those contain oxygen functional groups to 
generate thiol-functionalized carbonaceous materials or thiol-functionalized polymers.  
The new derivative graphene, mercapto reduced graphene oxides (m-RGOs), may 
expand the graphene chemistry.  The as-synthesized m-RGOs may be applied to bio-
chemistry or polymer chemistry to conjugate between m-RGOs and biomolecules or 
polymers by using thiol functional group as a cross-linker as well as the m-RGOs 
could make new graphene-metal composites based on thiol-metal bond.  Moreover, 
the m-RGOs may be applied to water purification application because thiol functional 
groups show a good affinity with heavy metals.  The new facile fabrication method 
developed may facilitate utilizing graphene film for various applications.   
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